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ABSTRACT
M e r c u r y  i s  t h e  o n l y  e l e m e n t  w i t h  a  c r y s t a l  s t r u c t u r e  b a s e d  
o n  a  s i n g l e  r h o m b o h e d r a l  l a t t i c e *  I t s  d e f o r m a t i o n  c h a r a c t e r i s t i c s  a r e
t h e r e f o r e  o f  p a r t i c u l a r  i n t e r e s t *  H o w e v e r ,  p r i o r  t o  t h e  p r e s e n t  i n ­
v e s t i g a t i o n ,  t h e r e  w a s  c o n s i d e r a b l e  d o u b t  c o n c e r n i n g  t h e  i n t e r p r e t a t i o n  
o f  i t s  m e c h a n i c a l  b e h a v i o u r *  I n  p a r t i c u l a r ,  t h e  r e p o r t e d  d e f o r m a t i o n  
t w i n n i n g  m o d e  h a d  b e e n  q u e s t i o n e d *  T h e r e f o r e ,  a  tw o  s u r f a c e  a n a l y s i s  
o f  t w i n  t r a c e s  a n d  s u r f a c e  t i l t s  o n  a  d e f o r m e d  s q u a r e  c r o s s - s e c t i o n  
s i n g l e  c r y s t a l s  w a s  c a r r i e d  o u t *  T h e  p r e l i m i n a r y  r e s u l t s  o f  t h i s  
a n a l y s i s  e n a b l e d  e a r l i e r  o b s e r v a t i o n s  o f  t w i n  t r a c e s  o n  a  s i n g l e  s u r ­
f a c e  t o  b e  i n t e r p r e t e d  i n  t e r m s  o f  a  n e w  t w i n  m od e*  B o t h  m e t h o d s  
e s t a b l i s h e d  t h a t  t h e  o p e r a t i v e  t w i n s  h a v e  s h e a r  e l e m e n t s  It- K T) r) 
g i v e n  b y  ' 3 s j *  ' £ l  1  2 * \ p  i  1^  T r e l a t i v e  t o  t h e  f a c e
c e n t r e d  r h o m b o h e d r a l  l a t t i c e  b a s i s *  T h i s  i s  t h e  o n l y  t w i n  m od e w i t h  
a n  i r r a t i o n a l  c o m p o s i t i o n  £ > la n e  o c c u r r i n g  i n  a  s i n g l e  l a t t i c e  s t r u c t u r e *  
I t  i s  a l s o  u n i q u e  b e c a u s e  i t  i s  p r e f e r r e d  t o  en a l t e r n a t i v e  p o s s i b l e  
m o d e  w i t h  a  s m a l l e r  s h e a r *
I n  o r d e r  t o  i n v e s t i g a t e  t w i n n i n g  i n  m e r c u r y  f u r t h e r ,  a  
s e r i e s  o f  s i n g l e  c r y s t a l s  w e r e  d e f o r m e d  b y  b e n d i n g  a t  l i q u i d  a i r  
t e m p e r a t u r e *  T h i s  e n a b l e d  t w i n  g r o w t h  a n d  t h e  i n f l u e n c e  o f  s l i p  o n  t h e  
t w i n  b o u n d a r y  t o  b e  o b s e r v e d *  A c e r t a i n  c h a r a c t e r i s t i c  t y p e  o f  t w i n  
i n t e r s e c t i o n  s i m i l a r  t o  c r o s s - t w i n s  i n  b * c * c *  m a t e r i a l s  f r e q u e n t l y  
o c c u r r e d *  T h i s ,  t o g e t h e r  w i t h  s t r a i g h t  i n c o h e r e n t  t w i n  b o u n d a r i e s
w h i c h  w e r e  a l s o  a n a l y s e d ,  c a n  b e  a c c o m m o d a t e d  b e c a u s e  o f  a n  a l m o s t  -
N > r
e x a c t  c r y s t a l l o g r a p h i c  r e l a t i o n s h i p  b e t w e e n  s l i p  a n d  t w i n  s y s t e m s *  T h e  
i n f l u e n c e  o f  p o s s i b l e  g r o w t h  a n d  n u c l e a t i o n  m e c h a n is m s  o n  t h e  c h o i c e  
o f  t h e  o p e r a t i v e  m o d e  h a s  b e e n  d i s c u s s e d *  F i n a l l y ,  t h e  a t o m i c  s t r u c ­
t u r e  o f  m ercurfjr  h a s  b e e n  r e p r e s e n t e d  b y  m o d e l s  c o n s t r u c t e d  f r o m  
s p h e r o i d s  i n  a  c l o s e  p a c k e d  c o n f i g u r a t i o n *  I n  p a r t i c u l a r ,  m o d e l s  o f  t h e  
t w i n  b o u n d a r y  h a v e  h e l p e d  i n  e l u c i d a t i n g  t h e  t w i n n i n g  p r o c e s s *
* 2 .
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CHAPTER I
INTRODUCTION  
1 * 1  T h e  r e a s o n s  f o r  s t u d y i n g  m e r c u r y
T h i s  t h e s i s  i s  t h e  a c c o u n t  o f  a n  e x p e r i m e n t a l  i n v e s t i g a t i o n  
o f  d e f o r m a t i o n  t w i n n i n g  i n  c r y s t a l l i n e  m e r c u r y .  T w in n in g  p h e n o m e n a  w e r e  
f i r s t  s t u d i e d  i n  m i n e r a l s  d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  l a s t  c e n t u r y *  
H o w e v e r ,  m o r e  r e c e n t l y  t h e r e  h a s  b e e n  r e n e v r e d  i n t e r e s t  i n  d e f o r m a t i o n  
t w i n n i n g  i n  m e t a l s .  T h i s  m ay b e  a t t r i b u t e d  p a r t l y  t o  t h e  t r e n d  t o w a r d s  
t h e  u s e  o f  n o n - c u b i c  m e t a l s ,  c o u p l e d  w i t h  t h e  r e l a t i o n s h i p  o b s e r v e d  
b e t w e e n  t v / i n n i n g  a n d  f r a c t u r e *  A l s o  t h e  d i s c o v e r y  o f  d e f o r m a t i o n  t w i n s  
i n  c o p p e r  b y  B l e w i t t  e t  a l  ( 1957 ) l ^ d  t o  a  c o n s i d e r a b l e  a m o u n t  o f  w o r k  
o n  f . c . c .  m a t e r i a l s .  L a s t l y  t h e  d e v e l o p m e n t  o f  n e w  e x p e r i m e n t a l  t e c h ­
n i q u e s ,  n o t a b l y  t h i n  f o i l  e l e c t r o n  m i c r o s c o p y ,  h a s  h e l p e d  i n  t h e  s t u d y  
o f  d e f e c t s  i n  m e t a l s ?  i n  p a r t i c u l a r ,  t h e  d e t a i l e d  k n o w l e d g e  o f  t h e  
g e o m e t r y  a n d  m e c h a n is m s  o f  d i s l o c a t i o n s  h a s  s h o w n  t h e i r  r e l e v a n c e  t o  m an y  
t w i n n i n g  p r o c e s s e s .  S om e o f  t h e  m o s t  i m p o r t a n t  a s p e c t s  a n d  a d v a n c e s  
i n  d e f o r m a t i o n  t w i n n i n g  a r e  r e v i e w e d  Lmn t h e  r e p o r t  o f  t h e  M e t a l l u r g i c a l  
S o c i e t y  o f  A .X .M .E .  C o n f e r e n c e  ( 1 9 ^ 3 )  a n d  a l s o  i n  a  b o o k  b y  C h r i s t i a n  
( I 9S5 ) #  T lie  e a r l i e r  w o r k  o n  t w i n n i n g  i s  r e v i e w e d  b y  H a l l  ( 1 9 5 4 )  a n d  a l s o  
b y  C a h n  ( 1 9 5 4 ) *
M e t a l s  m ay b e  g r o u p e d  i n t o  t w o  b r o a d  c l a s s e s s  t h o s e  w i t h  s i n ­
g l e  a n d  t h o s e  w i t h  m u l t i p l e  l a t t i c e  s t r u c t u r e s .  I f  t h e  m e t a l l i c  e l e m e n t s  
o n l y  a r e  c o n s i d e r e d ,  t h e n  t h e  c u b i c  m e t a l s  p l u s  in d iu m  a n d  m e r c u r y  a r e  
t h e  o n l y  m e m b e r s  o f  t h e  f o r m e r  c l a s s  w h i l e  t h e  h e x a g o n a l  m e t a l s ,  
a ~ u r a n iu m ,  t h e  r h o m b o h e d r a l  m e t a l s  b i s m u t h ,  a n t i m o n y ,  a n d  a r s e n i c  b e l o n g  
t o  t h e  l a t t e r .  A l l  t h e s e  h a v e  d o u b l e  l a t t i c  s t r u c t u r e s .  D e f o r m a t i o n  
t w i n n i n g  i s  a  m u ch  s i m p l e r  p r o c e s s  i n  t h e  f o r m e r  t h a n  i n  t h e  l a t t e r
t y p e  o f  s t r u c t u r e .  T h i s  w i l l  b e  e x p l a i n e d  m o r e  f u l l y  i n  S e c t i o n  1 . 4 .  
H o x ^ e v e r , i t  w i l l  b e  s t a t e d  h e r e  t h a t  t h e o r i e s  o f  d e f o r m a t i o n  t w i n n i n g  
w i l l  b e  m u ch  l e s s  c o m p l e x  f o r  s i n g l e  l a t t i c e  s t r u c t u r e s .  M o s t  t h e o r i e s  
o f  d e f o r m a t i o n  t w i n n i n g  h a v e  b e e n  d e v e l o p e d  f o r  b . c . e .  a n d  f . c . c .  a n d  .... 
h . c . p .  m a t e r i a l s .  T h u s  t h e  n o n - c u b i c  s i n g l e  l a t t i c e  m e t a l s  s u c h  a s  
in d iu m  a n d  m e r c u r y  a r e  i d e a l  f o r  t e s t i n g  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  
t h e s e  t h e o r i e s  t o  l a t t i c e s  w i t h  l o w e r  s y m m e t r y .  C o n v e r s e l y  t h e  s t u d y  
o f  d e f o r m a t i o n  t w i n n i n g  i n  t h e s e  m e t a l s  c o u l d  l e a d  t o  a  m o d i f i c a t i o n  o f  
t h e  t h e o r i e s  f o r  m a t e r i a l s  o f  h i g h e r  s y m m e t r y .  M e r c u r y  i s  p a r t i c u l a r l y  
a p t  f o r  s u c h  a  s t u d y  s i n c e  i t  h a s  a  d i s t o r t e d  f . c . c .  s t r u c t u r e  a n d  t h u s  
t h e r e  i s  a  p o s s i b i l i t y  f o r  d i r e c t  c o m p a r i s o n  w i t h  f . c . c .  m e t a l s .
T h e r e  h a v e  b e e n  c o n f l i c t i n g  i n t e r p r e t a t i o n s  o f  t h e  c r y s t a l l o ­
g r a p h y  o f  t w i n n i n g  i n  m e r c u r y 5 A n d r a d e  a n d  H u t c h i n g s  ( 1 9 3 5 ) ,  F i s h e r  
( 1937) , a n d  t h i s  i n  f a c t  w a s  t h e  m a in  r e a s o n  f o r  s t a r t i n g  t h e  s t u d y  o f  
t w i n n i n g  i n  t h i s  m a t e r i a l .
F i n a l l y  t h e  s l i p  b e h a v i o u r  i n  m e r c u r y  i s  u n u s u a l  } H e c k s c h e r  
a n d  C r o c k e r  ( 1965) ,  C r o c k e r  e t  a l  ( 1963) a n d  R i d e r  a n d  H e c k s c h e r  ( 1966) 
s o  t h a t  o n e  m i g h t  e x p e c t  t h e  t w i n n i n g  b e h a v i o u r  t o  b e  o f  i n t e r e s t
a l s o .
T h i s  c h a p t e r  r e v i e w s  m o s t  o f  t h e  p r e v i o u s  w o r k  o n  t h e  d e f o r m a ­
t i o n  o f  c r y s t a l l i n e  m e r c u r y .  S e c t i o n s  1 . 2 ,  1 . 3 ,  1 * 5  a n d  1 . 6  a r e  
s p e c i f i c  t o  m e r c u r y  a n d  d e a l  w i t h  t h e  c r y s t a l l o g r a p h y ,  t h e  s l i p  b e h a ­
v i o u r ,  t h e  c r y s t a l l o g r a p h i c a l l y  p o s s i b l e  t w i n  m o d e s  a n d  t h e  e x p e r i m e n t a l  
d e t e r m i n a t i o n s  o f  t h e  t w i n  m o d e  r e s £ 3e c t i v e l y *  I n  S e c t i o n  1 . 4  t h e  
t w i n n i n g  p r o c e s s  i s  d e s c r i b e d  a n d  d e f i n e d .  S e c t i o n  1 .7  i s  a  d i s c u s s i o n  
o f  t h e  t w i n n i n g  b e h a v i o u r .  S e c t i o n  1 . 8  i n c l u d e s  a  su m m a ry  o f  t h e  l a y ­
o u t  o f  t h e  t h e s i s .
1 . 2  T h e  c r y s t a l l o g r a p h y  o f  m e r c u r y .
1 .2 * , X G e n e r a l  f e a t u r e s
»  ^ O
M e r c u r y  c r y s t a l l i s e s  a t  - 38.87 C i n t o  a  r h o m b o h e d r a l  s t r u c ­
t u r e  u n l i k e  t h a t  o f  a n y  o t h e r  e l e m e n t .  T h e  s t r u c t u r e  b e l o n g s  t o  t h e  
c r y s t a l  c l a s s  3m 5 t h u s ,  i t  h a s  a  t h r e e  f o l d  a x i s  a l o n g  w h i c h  t h r e e  
m i r r o r  p l a n e s  i n t e r s e c t ,  t h e  a x i s  a l s o  c o n t a i n s  a  c e n t r e  o f  s y m m e t r y .  
T h e  r o t a t i o n  a n d  m i r r o r  s y m m e t r i e s  a r e  i l l u s t r a t e d  i n  F i g .  1 . 1  b y  a n  
X - r a y  I*auo b a d e  r e f l e c t i o n  p h o t o g r a p h  o f  a  m e r c u r y  c r y s t a l  o r i e n t e d  s o  
t h a t  t h e  X - r a y  b e a m  w a s  i n c i d e n t  a l o n g  t h e  t h r e e  f o l d  a x i s .
T h r o u g h o u t  t h i s  t h e s i s  l a t t i c e  d i r e c t i o n s  a n d  p l a n e s  h a v e  
b e e n  r e f e r r e d  t o  t h e  f a c e  c e n t r e d  r h o m b o h e d r a l  ( f . c . r . ) c e l l  w h i c h  i s  
i l l u s t r a t e d  i n  F i g .  1 . 2 .  I t  i s  c o n v e n i e n t  t o  u s e  t h i s  c e l l ,  b e c a u s e  
o f  i t s  s i m i l a r i t y  t o  t h e  f . c . c .  u n i t  c e l l .  T h e  f . c . r .  s t r u c t u r e  i s  i n  
f a c t  o b t a i n e d  b y  d i s t o r t i n g  t h e  f . c . c .  s t r u c t u r e  b y  a  c o m p r e s s i v e  
s t r a i n  a l o n g  a  <Y 1  l )  f . c . c .  d i r e c t i o n .  T h i s f l  1 l l  d i r e c t i o n  i s  t h e  
u n i q u e  t h r e e - f o l d  a x i s  i n  t h e  r h o m b o h e d r a l  l a t t i c e .  T h e  f . c . r .  b a s i s
i s  r e p r e s e n t e d  i n  F i g .  1 . 2  b y  t h e  v e c t o r s  a . ( i  = 1 , 2 , 3 ) ,  t h e  p r i m i t i v e2^-1
b a s i s  i s  r e p r e s e n t e d  b y  t h e  v e c t o r s  a n d  t h e  a x i a l  a n g l e s  o f  t h e  f . c  
r .  a n d  t h e  p r i m i t i v e  c e l l s  a r e  r e p r e s e n t e d  b y  a  a n d  (3 r e s p e c t i v e l y .  
S o m e a u t h o r s  u s e  a  h e x a g o n a l  b a s i s ,  b u t  t h i s  h a s  l i t t l e  t o  r e c o m m e n d  
i t  s i n c e  t h e  h e x a g o n a l  u n i t  c e l l  c o n t a i n s  9 a t o m s .  A l s o  c o n f u s i o n  m ay  
a r i s e  s i n c e  m e r c u r y  p o s s e s s e s  t h r e e  f o l d  s y m m e t r y  a n d  n o t  t h e  s i x  f o l d  
s y m m e t r y  i m p l i e d  i n  t h e  h e x a g o n a l  c e l l .
Two 1 1 1  s t e r e o g r a p h i c  p r o j e c t i o n s  o f  m e r c u r y  a r e  s h o w n  i n  
F i g .  1 . 3 < , ( i )  a n d  ( i i ) ;  t h e s e  i l l u s t r a t e  so m e  o f  t h e  c l o s e r  p a c k e d  
d i r e c t i o n s  a n d  p l a n e s  r e f e r r e d  t o  i n  t h i s  t h e s i s .  ( T h e s e  t w o  p r o j e c ­
t i o n s  w i l l  b e  f o u n d  a t  t h e  e n d  o f  C h a p t e r  V f o r  e a s y  r e f e r e n c e * )  T h e  
1 1 1  p r o j e c t i o n  m ay b e  d i v i d e d  i n t o  s i x  u n i t  t r i a n g l e s  b y  t h e  t h r e e  
{ l  1  o \  m i r r o r  p l a n e s  a n d  t h e / 1 1 1 1 p l a n e .  T h e  t r i a n g l e  w h i c h  h a s
I '
b e e n  u s e d  f o r  p l o t t i n g  e o q p e r im e n ta l r e s u l t s  i s  t h e  o n e  w i t h  t h e  p o le s
A t a b l e  o f  a n g l e s  f o r  t h e  d i r e c t  a n d  r e c i p r o c a l  l a t t i c e s  o f
m e r c u r y , b i s m u t h , a n t i m o n y  a n d  a r s e n i c  h a s  b e e n  c o m p u t e d  b y  B a c o n  ( 1963 )*
T h e s e  h a v e  b e e n  u s e d  f r e q u e n t l y  i n  s t e r e o g r a p h i c  w o r k .
T h e  a x i a l  a n g l e
B o t h  t h e  a x i a l  a n g l e  a n d  t h e  l a t t i c e  s p a c i n g  o f  m e r c u r y  v a r y  
s l i g h t l y  w i t h  t e m p e r a t u r e .  B a r r e t t  ( 1 9 5 7 )  h a s  m e a s u r e d  b o t h  t h e s e  
p a r a m e t e r s  b e t w e e n  5 °  K a n d  t h e  m e l t i n g  p o i n t  a t  2 3 4 . 2 9 °  K ( - 3 8 . 8 7 ° C ) .  
T h e s e  c h a n g e  b y  a b o u t  0 .1 4 %  a n d  0 .8 3 %  f o r  t h e  a x i a l  a n g l e  o f  t h e  f . c . r .  
c e l l  a n d  t h e  l a t t i c e  s p a c i n g  r e s p e c t i v e l y .  T h e  a x i a l  a n g l e  d o e s  n o t ,  
h o w e v e r ,  v a r y  a p p r e c i a b l y  b e t w e e n  5 ° K  a n d  7 8 ° K .  T h e  a n g l e  u s e d  b y  
B a c o n  ( 1963 ) i s  9 8 °  2 1 . 8 ’ .  A l l  o f  t h e  d e f o r m a t i o n  t e s t s  c a r r i e d  o u t  
o n  m e r c u r y  f o r  t h i s  t h e s i s  w e r e  p e r f o r m e d  a t  l i q u i d  a i r  t e m p e r a t u r e  
w h i c h  i s  o n l y  a  f e w  d e g r e e s  a b o v e  7B°K *
I f  w e d e n o t e  t h e  c o s i n e  o f  t h e  a x i a l  a n g l e  o f  t h e  f . c . r .  a n d
t h e  p r i m i t i v e  c e l l s  b y  c  a n d  c ’ r e s p e c t i v e l y ,  t h e n  f o r  m e r c u r y  
c  =  - 0 . 1 4 5 4  a n d  c r «  0 . 3 2 9 1 .  T h e s e  v a l u e s  d i f f e r  b y  o n l y  1 .3 %  f r o m  a  
s t r u c t u r e  f o r  w h i c h  c =  - 1/7  a n d  c*  =  1 / 3 * T h e  c o r r e s p o n d i n g  v a l u e s  
f o r  t h e  f . c . c .  s t r u c t u r e  a r e  c  =  0  c 1 =  T h u s  t h e  s t r u c t u r e  f o r
w h i c h  c  =  - l / y  i s  v e r y  s i m i l a r  t o  t h e  m e r c u r y  s t r u c t u r e ,  a n d  i t  h a s  
s e v e r a l  i n t e r e s t i n g  c r y s t a l l o g r a p h i c  p r o p e r t i e s .  F i r s t l y , t h e  p a c k i n g  o f  
s e v e r a l  c r y s t a l l o g r a p h i c a l l y  d i s s i m i l a r  p l a n e s  a r e  e q u a l .  F o r  e x a m p l e ,
g  ^ _ -j
t h e f  1  1  I f  p l a n e  a n d  [ 1  0 O j t y p e  p l a n e s  h a v e  t h e  s a m e  p a c k i n g  d e n s i t y .
T h u s ,  r i n g s  c o r r e s p o n d i n g  t o  X - r a y  r e f l e c t i o n s  f r o m  t h e s e  t w o  p l a n e s
m ay n o t  b e  r e s o l v a b l e  i n  a  d i f f r a c t o m e t e r .  A n o t h e r  p r o p e r t y  o f  t h e  
c  =*“1/7  s t r u c t u r e  i s  t h e  4 - f o l d  s t a c k i n g  s e q u e n c e  o f  t h e  C l o s e s t  
p a c k e d  p l a n e s ,  t h e  { i l l }  p l a n e s .  O t h e r  p r o p e r t i e s  o f  t h e  c  =  - 1 / 7  
s t r u c t u r e  h a v e  a  b e a r i n g  o n  t h e  d e f o r m a t i o n  m o d e s  o f  m e r c u r y .  T h e s e
1 1 1 ,  2 1 1  a n d  1 1 2  a t  i t s  c o r n e r s .
p r o p e r t i e s  c o n c e r n  t h e  a c c o m m o d a t io n  o f  t w i n  i n t e r s e c t i o n s  a n d  t h e  
n a t u r e  o f  t h e  h a b i t  p l a n e  o f  t w i n s  w h i c h  w i l l  b e  d i s c u s s e d  i n  S e c t i o n s  
4 * 2  a n d  5*2 r e s p e c t i v e l y .
1 * 3  T h e  s l i p  m o d e s  o f  c r y s t a l l i n e  m e r c u r y .
1 . 3 * 1  E x p e r i m e n t a l  o b s e r v a t i o n s
T h e  p r e d o m i n a n t  s l i p  d i r e c t i o n  o f  a  m e t a l  h a s  a l w a y s  b e e n  
f o u n d  t o  b e  t h e  c l o s e s t  p a c k e d  d i r e c t i o n .  O c c a s i o n a l l y  o t h e r  s l i p  
d i r e c t i o n s  m ay  a l s o  o p e r a t e  p a r t i c u l a r l y  a t  h i g h  t e m p e r a t u r e s ,  o r  i n  
o r i e n t a t i o n s  w h e r e  t h e  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s e s  f o r  s l i p  i n  
t h e  c l o s e s t  p a c k e d  d i r e c t i o n s  a r e  l o w .  I n  m e t a l s  i n  w h i c h  s l i p  i s  
p l a n a r ,  t h e  s l i p  p l a n e s  a r e  u s u a l l y  t h e  c l o s e s t  p a c k e d  p l a n e s .  T h u s  f o r  
m e r c u r y ,  i n  w h i c h  t h e  c l o s e s t  p a c k e d  d i r e c t i o n  i s  ^ , 1  0 1  )  a n d  t h e  
c l o s e s t  p a c k e d  p l a n e s  ( i  1 1 }  , t h e  s l i p  m o d e , 0 ^  i s  e x p e c t e d *
A n d r a d e  a n d  H u t c h i n g s  ( 1 9 3 5 )  G r e e n l a n d  ( 1 9 3 7 )  r e p o r t e d  
s l i p  o n  ^ 1  0  o }  p l a n e s .  T h i s  p l a n e  w a s  d e d u c e d  b y  m e a s u r i n g  a n g l e s  
b e t w e e n  p a i r s  o f  s u r f a c e  t r a c e s  o n  c y l i n d r i c a l  s i n g l e  c r y s t a l  s p e c i ­
m e n s .  T h e y  a l s o  d e d u c e d  f r o m  t h i s  a n a l y s i s  t h a t  t w i n n i n g  o c c u r r e d  o n  
0  1 1 ^  p l a n e s .  F i s h e r  ( 1 9 4 3 )  s h o w e d  t h a t  t h e  A n d r a d e  a n d  H u t c h i n g s  
r e s u l t s  o n  s l i p  c o u l d  e q u a l l y  w e l l  b e  i n t e r p r e t e d  a s  s l i p  o n  ^1  1  l }  
p l a n e s .  I n  o r d e r  t o  t e s t  w h i c h  p l a n e  w a s  o p e r a t i v e ,  a  s i n g l e  s u r f a c e  
a n a l y s i s  w a s  c a r r i e d  o u t  b y  C r o c k e r  e t  a l  ( 1 9 & 3 )  w h i c h  i n v o l v e d  t h e  
s t u d y  o f  t h e  s h a p e s  o f  t r i a n g l e s  f o r m e d  b y  t r i p l e t s  o f  s l i p  t r a c e s ,  
t h i s  s h o w e d  t h a t  t h e  t r a c e s  w e r e  c o n s i s t e n t  w i t h  ^ 1  1  l j  s l i p  b u t  n o t  
^ 1 0 0 ^ s l i p ,  a n d  v e r y  s u r p r i s i n g l y  s u g g e s t e d  t h a t  t h e  p r e d o m i n a n t  
s l i p  d i r e c t i o n  i s  n o t < ^ l  0  l / >  b u t  O i l / * .  A m o r e  r e c e n t  i n v e s t i g a ­
t i o n  b y  R i d e r  a n d  H e c k s c h e r  ( 1966)  o n  c y l i n d r i c a l  s i n g l e  c r y s t a l s  h a s  
p r o v e d  c o n c l u s i v e l y  t h a t  t h e  p r e d o m i n a n t  s l i p  m o d e a t  l i q u i d  n i t r o g e n
t e m p e r a t u r e  a n d  a t  - 7 0 ° C  i s  1 1 1 l } ( o  I  1^> b u t  t h a t  i n  r e g i o n s  o f  t h e  
u n i t  t r i a n g l e  i n  w h i c h  t h e  r e s o l v e d  s h e a r  s t r e s s  f o r  t h i s  m o d e  i s  l o w ,  
o th e r *  m o d e s  o f  d e f o r m a t i o n  o p e r a t e .  I n  p a r t i c u l a r  a t  t h e  l o w e r  t e m ­
p e r a t u r e  ?t w i n n i n g  o c c u r s  a n d  a t  - 7 0 ° C  s l i p  o n  t h e  m o d e ^ l  1 l } ^ s l  0  1 ^  
o c c u r s *  T h u s  t h e  p r e d o m i n a n t  s l i p  d i r e c t i o n  i s  n o t  t h e  c l o s e s t  p a c k e d  
d i r e c t i o n  <^ 1 0 1^  b u t  t h e  s e c o n d  c l o s e s t  p a c k e d  d i r e c t i o n  <0  i  x )  .
T h e  r a t i o  o f  t h e  i d e n t i t y  d i s t a n c e s  f o r  t h e s e  t w o  d i r e c t i o n s  i s  a p p r o x ­
i m a t e l y  1  ! 1 . 16 .
1 * 3 * 2  D i s l o c a t i o n  g e o m e t r y
I n  o r d e r  t o  e x p l a i n  t h i s  a n o m a lo u s  r e s u l t  i n  t e r m s  o f  d i s l o ­
c a t i o n  g e o m e t r y ,  H e c k s c h e r  a n d  C r o c k e r  ( 1 9 $ 5 )  p r o p o s e d  t w o  p o s s i b l e  
m o d e l s ,  o n e  b a s e d  o n  a n  e x t e n s i o n  o f  T h o m p s o n ’ s  ( 1 9 5 3 )  t e t r a h e d r o n  
m o d e l  f o r  f . c . c *  s t r u c t u r e s  a n d  t h e  s e c o n d  b a s e d  o n  a n  a n a l y s i s  o f  t h e  
p o s s i b l e  s t a c k i n g  f a u l t s  o n  { 1 1 1 }  p l a n e s .
A b r i e f  r e s u m e  o f  b o t h  t h e s e  m o d e l s  i s  g i v e n  h e r e .
T e t r a h e d r o n  m o d e l
T h e  m e r c u r y  t e t r a h e d r o n  d i f f e r s  f r o m  t h a t  f o r  f . c . c .  m e t a l s  
i n  t h a t  t h e  -^1 1  d i r e c t i o n s  a r e  d i f f e r e n t  f r o m  <yl 1  0^ . d i r e c t i o n s  
a n d  a l s o  t h a t  t h e f l  1  1 / p l a n e  i s  d i f f e r e n t  f r o m  t h e  £ l  1  1 *^ t y p e  p l a n e s .  
T h u s ,  d u e  t o  t h e  l o w e r  s y m m e t r y  m o r e  t y p e s  o f  p a r t i a l  d i s l o c a t i o n s  a r e  
p o s s i b l e  t h a n  w i t h  t h e  T h o m p so n  t e t r a h e d r o n .  D i s s o c i a t i o n  m e c h a n is m s  
a n a l a g o u s  t o  t h o s e  f o r  f . c . c .  a r e  c o n s i d e r e d  f o r  t h e  tw o  t y p e s  o f  
p e r f e c t  d i s l o c a t i o n  k n o w n  t o  e x i s t  i n  m e r c u r y .  E n e r g i e s  c a l c u l a t e d  
a s s u m i n g  i s o t r o p i c  e l a s t i c i t y  s h o w  t h a t  1  0?  d i s l o c a t i o n s  a r e  m o r e  
l i k e l y  t o  d i s s o c i a t e  t h a n  t h e  <^1 1 0 ^  t y p e s .  T h i s  a g r e e s  w i t h  t h e  
e x p e r i m e n t a l  o b s e r v a t i o n s  t h a t  c r o s s - s l i p  o c c u r s  w i t h  t h e  h i g h  t e m p e r a ­
t u r e  d e f o r m a t i o n  m o d e .  H o w e v e r ,  t h i s  m o d e l  a l s o  p r e d i c t s  t h a t  t h e  
e n e r g i e s  o f  <^ 1 1  0 >^ d i s l o c a t i o n s  a r e  h i g h e r  t h a n  <1  1  0>  b o t h  b e f o r e
a n d  a f t e r  d i s s o c i a t i o n .  T h u s  t h e  l a t t e r  s h o u l d  b e  m o r e  co m m o n . I n  
a d d i t i o n ,  t h e  m o s t  l i k e l y  t y p e  o f  d i s l o c a t i o n  l o c k s  a r e  t h o s e  f o r m e d  
b y  p a i r s  o f  d i s s o c i a t e d  ^ 1  1 d i s l o c a t i o n s .  B o t h  t h e s e  c o n c l u s i o n s  
a r e  c o n t r a r y  t o  t h e  e x p e r i m e n t a l  e v i d e n c e .
S t a c k i n g  f a u l t  m o d e l
I n  F i g .  1 . 4 ,  S ,  T ,  U ,V  i n d i c a t e  n e i g h b o u r i n g  a t o m i c  p o s i t i o n s  
i n  a  ( 1  1 I )  p l a n e .  T h e  t w o  c l o s e  p a c k e d  d i r e c t i o n s  i n  t h i s  p l a n e  a r e  
*  [ i  o  l ]  a n d  2 , r e p r e s e n t e d  b y  ST a n d  S V , a n d  t h e  d i r e c t i o n
VT i s  2 [ i  i  03 , t h e  m o s t  f r e q u e n t l y  o b s e r v e d  s l i p  d i r e c t i o n *  I n  
f . c . c *  s t r u c t u r e s  t h e  a n g l e  TSV  w o u ld  b e  6 0 ° ,  b u t  i n  m e r c u r y  i t  i s
c o s* - 1  ( l + 3 c ) / ( 2 + 2 c )  *  70* 75°
T h e  p r o j e c t e d  p o s i t i o n  i n  t h e  p l a n e  STU V , o f  a t o m s  i n  
n e i g h b o u r i n g  ( i l l )  p l a n e s  m ay  n o w  b e  o b t a i n e d  b y  c o n s i d e r i n g  a t o m s  
l y i n g  a l o n g  t h e  t h i r d  c l o s e - p a c k e d  d i r e c t i o n a l  1 oQ * T h e s e  p r o j e c t e d  
s i t e s  w i l l  b e  a l o n g 3 U = i  £ l  1  2 }  .  T h e  a to m  a t  i  [ I  1  o ]  i n  t h e  
c l o s e s t  ( l  1 1 )  p l a n e  t h u s  p r o j e c t s  t o  t h e  p o i n t  0 ^  s h o w n  i n  F i g .  1 . 4  
w h e r e
X
S O J  «■ (1  + 3 c )  (6 + 10 c )~2
S i m i l a r l y  t h e  a t o m s  a t  £ l  1  o ] ,  ^ £ l  1 0 3  a n d  2 £ l  1  o 3  p r o j e c t  t o  ( £ , ,  
0 ^  a n d  0 ^  r e s p e c t i v e l y .  I n  f . c . c .  s t r u c t u r e s  0 ^  a n d  U w o u ld  c o i n c i d e  
b e c a u s e  o f  t h e  3~ f o i d  s t a c k i n g  o f  p l a n e s .  I n  m e r c u r y  t h i s  i s
n o t  t h e  c a s e .  T h e  p o s i t i o n  o f  CF^  s u g g e s t s  t h a t  i t  i s  m o r e  r e a l i s t i c  
t o  c o n s i d e r  t h e  s t a c k i n g  t o  b e  a p p r o x i m a t e l y  f o u r - f o l d ,  t h e  d e v i a t i o n  
f r o m  t h i s  t y p e  o f  s e q u e n c e  b e i n g  g i v e n  b y
0 £  U /S U  =  - ( 1  + 7 c ) / ( 3 +  5 c )  «  0 . 0 0 8  
T h e  t r u e  s t a c k i n g  s e q u e n c e  i s  h o w e v e r  i n f i n i t e  a n d  i n d e e d  t h e  f o l l o w i n g
a r g u m e n t s  d o  n o t  d e p e n d  o n  t h e  a p p r o x i m a t e  f o u r - f o l d  s e q u e n c e
I f  o n e  c o n s i d e r s  t h e  s t a c k i n g  o f  -^1 1 i j *  p l a n e s  t o  b e  f o u r ­
f o l d ,  t h e y  m ay b e  r e p r e s e n t e d  a s  i n  F i g *  l « , 5 ( i )  a n d  ( i i )  b y  l e t t e r i n g  
e a c h  p l a n e  A B C D A e t c *  B y  c o n s i d e r i n g  p o s s i b l e  s i n g l e  l a y e r  
f a u l t s ,  i t  i s  f o u n d  t h a t  t h e r e  i s  . o n l y  o n e  t y p e  i n  w h i c h  f i r s t  n e i g h ­
b o u r  b o n d s  a r e  n o t  v i o l a t e d .  T h i s  i s  i l l u s t r a t e d  i n  F ig *  l #5 ( i i i ) *
T h e  s t a c k i n g  i s  A B A B C i T h i s  i s  e f f e c t i v e l y  a n  i n t r i n s i c  f a u l t  
o b t a i n e d  b y  r e m o v i n g  t w o  a d j a c e n t  p l a n e s .  T h i s  f a u l t  i s  t h e  o n e  m o s t  
l i k e l y  t o  o c c u r  i n  p r a c t i c e .  T h i s  f a u l t  m ay b e  p r o d u c e d  b y  s h e a r  o f  
t h e  p l a n e  STUV o f  F i g *  1 * 4  s o  t h a t  o n e  o f  i t s  a t o m s  o c c u p i e s  t h e  
p o s i t i o n  CT* T h u s  d i s p l a c e m e n t s  o f  t h i s  p l a n e  b y  SC57, T C T , UCT o r  
VO^ p r o d u c e  t h e  s t a c k i n g  f a u l t  o f  t h e  t y p e  i l l u s t r a t e d  i n  F i g *  l „ 5 ( i i i ) *  
T h e s e  d i s p l a c e m e n t s  c a n  b e  p r o d u c e d  b y  t h e  m o t i o n  o f  p a r t i a l  d i s l o c a -  
t i o n s  a s s o c i a t e d  w i t h  t h e  p e r f e c t  s l i p  d i s l o c a t i o n s 4 a n d
i  C l  1  o j ,  \ ( ? o s s i b l e  d i s s o c i a t i o n s  a r e
ST  — i,  S0'a + O^T s | [ l O  /.'C l  1  2 3  -  ’ V / f e l  1  o ]  ' ( 1 . 1 )
v t  — + o^ t  = t  £ i  I  o ] -> ' i / 4 [1 I  >q}' -  ' i / 4  [ l  i  o j  1 ( l . a )
T h e  m a g n i t u d e s  a n d  i n d i c e s  o f  t h e  v e c t o r s  i n  e q u a t i o n s  ( 1 * 1 )  a n d  ( l * 2 )  
a r e  i r r a t i o n a l ,  t h e  a p p r o x i m a t e  v a l u e s  b e i n g  t h o s e  a s s o c i a t e d  w i t h  t h e  
4 - f o l d  s t a c k i n g  s e q u e n c e .  T h e  e x a c t  v a l u e s  a r e
' 1 / ,  jT.1 1  o ]  ' n  a  [ l - c  - 2 - 6c ,  - l - 7c }  ( 1 . 3 )
• 1 / 4 [ I  1  0>  =  a C  - 2 - 6c ,  l - c ,  - l ~ 7 c j  ( 1 . 4 )
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> i / 4 ' [ n  a ]  »  (3  t  5 o )~2 [ i  l  s j  ( 1 . 5 )
w h e re  a  «  ( l + 4 c  + 1 1  c 2 ) 2 ( 3 + 5 c ) ” 2 ( l - c ) " * 2
A s s u m in g  i s o t r o p i c  e l a s t i c i t y ,  t h e  d i s l o c a t i o n  s t r a i n  e n e r g i e s  
m ay b e  c a l c u l a t e d .  T h e s e  s h o w  t h a t  t h e  d i s s o c i a t i o n  ( l . l )  i n v o l v e s  a l ­
m o s t  n o  r e d u c t i o n  i n  e n e r g y  w h i l s t  i f  d i s s o c i a t i o n  ( 1 . 2 ) o c c u r s ,  t h e  
e l a s t i c  e n e r g y  i s  a p p r o x i m a t e l y  h a l v e d .  T h u s  i  Q l  0 l ]  d i s l o c a t i o n s  a r e  
u n l i k e l y  t o  d i s s o c i a t e  b u t  £  £ 1  1  Ojj d i s l o c a t i o n s  a r e .  T h e  e n e r g y  o f  t h e  
d i s s o c i a t e d  i  [ l  1  cTJ d i s l o c a t i o n  i s  l e s s  t h a n  t h a t  o f  t h e  p e r f e c t  
i  jjL 0  l j j  * T h u s  w e  m ay c o n c l u d e  t h a t :
( i )  i  £ i  o  i ]  d i s l o c a t i o n s  a r e  m o r e  l i k e l y  t o  c r o s s - s l i p .
( i i )  d i s l o c a t i o n s  w i l l  b e  m o r e  com m on s i n c e  t h e i r
d i s s o c i a t e d  e n e r g y  i s  l e s s  t h a n  t h a t  f o r  i  &  0 d  
d i s l o c a t i o n *
T h u s  t h e  s t a c k i n g  f a u l t  a p p r o a c h  g i v e s  a  m o r e  s a t i s f a c t o r y  
e u c p l a n a t i o n  o f  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  s l i p  i n  m e r c u r y .
1 * 4  D e f o r m a t i o n  t w i n n i n g
T h e  m a j o r  p a r t  o f  t h i s  t h e s i s  i s  c o n c e r n e d  w i t h  d e f o r m a t i o n  
t w i n n i n g  i n  m e r c u r y .  I t  i s  n e c e s s a r y  t h e r e f o r e  t o  d e f i n e  t h e  t e r m s  
a s s o c i a t e d  w i t h  t h i s  p r o c e s s .
T h e  d e f i n i t i o n  o f  a  d e f o r m a t i o n  t w i n  a d o p t e d  b y  B i l b y  a n d  
C r o c k e r  ( 1965) i s  a s  f o l l o w s :
!,A d e f o r m a t i o n  t w i n  i s  a  r e g i o n  o f  a  c r y s t a l l i n e  b o d y
w h i c h  h a s  u n d e r g o n e  a  h o m o g e n e o u s  s h a p e  d e f o r m a t i o n  i n  s u c h  a
w a y  t h a t  t h e  r e s u l t i n g  jQ ^ o d u c t s t r u c t u r e  i s  i d e n t i c a l  w i t h
t h a t  o f  t h e  p a r e n t ,  b u t  o r i e n t e d  d i f f e r e n t l y .  I f  t h e  p r o d u c t
a n d  iD a r e n t  a r e  t o  r e m a i n  i n  c o n t a c t ,  t h e  d e f o r m a t i o n  m u s t  b e
c
a  x > la n e  s t r a i n ;  s i n c e  t h e  tw o  s t r u c t u r e s  a r e  i d e n t i c a l ,  t h e r e  
c a n  b e  n o  v o lu m e  c h a n g e ,  s o  t h a t  t h e  d e f o r m a t i o n  m u s t  b e  a  
s i m p l e  s h e a r . 11
T h u s  a n y  s i m p l e  s h e a r  w h i c h  r e s t o r e s  t h e  s t r u c t u r e  i n  a  d i f f e r e n t  
o r i e n t a t i o n  g i v e s  a  p o s s i b l e  d e f o r m a t i o n  t w i n  m o d e .
I f  w e  c o n s i d e r  t h e  e f f e c t s  o f  a  s i m p l e  s h e a r  o n  a  s p h e r e ,  
i t  i s  iD O S s ib le  t o  d e f i n e  s h e a r  e l e m e n t s  w h i c h  c a n  b e  u s e d  t o  d e f i n e  a  
t v / i n  m o d e .  I t  m ay b e  s h o w n  t h a t  a  s i m p l e  s h e a r  t r a n s f o r m s  a  s p h e r e  
i n t o  a n  e l l i p s o i d .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  1 . 6  i n  w h i c h  h a l f  o f  a  
s p h e r e  h a s  b e e n  s h e a r e d .  T h e  s h e a r  p l a n e  w h i c h  r e m a i n s  i n v a r i a n t ,  
t h a t  i s  u n r o t a t e d  a n d  u n d i s t o r t e d  u n d e r  t h e  t r a n s f o r m a t i o n ,  i s  c a l l e d  
t h e  c o m p o s i t i o n  o r  t w i n n i n g  p l a n e  a n d  i s  d e n o t e d  b y  K * T h e  s h e a r  
d i r e c t i o n  i s  c a l l e d  V  T h e  s e c o n d  u n d i s t o r t e d ,  b u t  r o t a t e d ,  p l a n e  
i s  c a l l e d  I C .  T h i s  p l a n e  i s  r o t a t e d  t o  t h e  p o s i t i o n  K *  w h i c h  i s  d e -
ca
f i n e d  b y  t h e  s e m i - c i r c l e  a l o n g  w h i c h  t h e  s p h e r e  a n d  e l l i p s o i d  i n t e r ­
s e c t .  B o t h  t h e  t r a n s f o r m e d  a n d  u n t r a n s f o r m e d  p o s i t i o n s  o f  K0 m a k eCa
e q u a l  a n g l e s ,  2  w i t h  t h e  c o m p o s i t i o n  p l a n e .  T h i s  i s  a  c o n s e q u e n c e  
o f  t h e  f a c t  t h a t  t h e  s h e a r  d i r e c t i o n  m u s t  j o i n  t h e  t w o  e x t r e m i t i e s
A a n d  A* o f  t h e  s e m i - c i r c l e s  d e f i n i n g  K g a n d  T h e  p l a n e  n o r m a l  t o
K j  ^2 a n (* c a ^ e d  p l a n e  o f  s h e a r  S .  T h i s  p l a n e  i n t e r s e c t s
a n d  IC^ 1 i n  t h e  d i r e c t i o n s  t}2 a n d  r)2 1 * T h e  d i r e c t i o n  q2 i s  u n d i s ­
t o r t e d  b y  t h e  t r a n s f o r m a t i o n ,  b u t  i s  r o t a t e d  t o  t h e  p o s i t i o n  s h o w n  b y  
rjg,1 .  T h e  m a g n i t u d e  o f  t h e  s h e a r  g ,  i s  2  c o t  2 0 .  T h e  p l a n e s  a n d  
d i r e c t i o n s  tty a n d  a r e  t h e  t w i n n i n g  e l e m e n t s .  E i t h e r  IC  ^ a n d
r)2 o r  a n d  d e f i n e  a  t w i n n i n g  m o d e .  F o r  e v e r y  t w i n n i n g  in o d e  a s  
d e f i n e d  a b o v e ,  t h e r e  e x i s t s  a  r e c i p r o c a l  t w i n n i n g  m o d e  w i t h  t h e  sa m e  
m a g n i t u d e  o f  s h e a r  b u t  i n  w h i c h  ,  | |  t I<2 , r\2 o f  t h e  o r i g i n a l  m o d e
b e c o m e  K g , T)2 , K ^ , T) o f  t h e  r e c i p r o c a l  m o d e .
T h e  o p e r a t i o n  d e s c r i b i n g  t h e  o r i e n t a t i o n  r e l a t i o n  b e t w e e n
p a r e n t  a n d  t w i n  m a t e r i a l  m u s t  l e a v e  t h e  c o m p o s i t i o n  p l a n e  i n v a r i a n t .
T h e r e  a r e  s e v e r a l  o r i e n t a t i o n  r e l a t i o n s  \ r f i i c h  d o  t h i s  C a h n  ( 1 9 5 4 ) .  I f  
s t r u c t u r e s  w i t h  a  c e n t r e  o f  s y m m e t r y  o n l y  a r e  c o n s i d e r e d ?  t h e  tw o  m o s t  
i m p o r t a n t  o r i e n t a t i o n  r e l a t i o n s  a r e  t h e n
( l )  r e f l e x i o n  i n
C r o c k e r  a n d  B e v i s  ( 1963)0 H o w e v e r ^ t w in s  w h i c h  o b e y  t h e  o r i e n t a t i o n
r e l a t i o n s  ( l )  a n d  ( 2 )  a r e  c a l l e d  T y p e  I  a n d  T y p e  I I  t w i n s  r e s p e c t i v e l y .
I n  g e n e r a l ,  f o r  T y p e  I  t w i n n i n g ,  K_ a n d  t)Q h a v e  r a t i o n a l  i n d i c e s  a n d  * X ti*
IC a n d  Tj_ h a v e  i r r a t i o n a l  i n d i c e s ;  f o r  T y p e  I I  t w i n n i n g  IC a n d  rj0  h a v e  
£ X X w
i r r a t i o n a l  a n d  K a n d  Tj h a v e  r a t i o n a l  i n d i c e s .  F o r  o r i e n t a t i o n  r e l a -  
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t i o n s  o t h e r  t h a n  ( l )  a n d  ( 2 )  a l l  f o u r  e l e m e n t s  w i l l  h a v e  i r r a t i o n a l  
i n d i c e s .  D e g e n e r a t e  t w i n  m o d e s  a r i s e  w h i c h  h a v e  3 o r  4  r a t i o n a l  e l e ­
m e n t s .  T h o s e  m o d e s  o b e y i n g  b o t h  r e l a t i o n s  ( l )  a n d  ( 2 )  a r e  c a l l e d  
C om p ou n d  m o d e s .  I n  f a c t  m o s t  t w i n  m o d e s  i n  m e t a l s  a r e  o f  t h e  C om p ou n d  
t y p e .
I n  g e n e r a l , f o r  a  g i v e n  t w i n  m o d e , o n l y  a  f r a c t i o n  o f  t h e  
p a r e n t  l a t t i c e  p o i n t s  a r e  s h e a r e d  t o  l a t t i c e  p o i n t s  i n  t h e  t w i n .  T h u s  
a t o m s  w h i c h  a r e  n o t  s h e a r e d  t o  t h e i r  e x a c t  l a t t i c e  s i t e s  m u s t  m o v e  t o  
t h e  n e w  s i t e s  b y  a  m e c h a n is m  t e r m e d  s h u f f e l i n g .  M a t e r i a l s  i n  w h i c h  
o n l y  a  f r a c t i o n  o r  n o n e  o f  t h e  a t o m s  a r e  a t  l a t t i c e  p o i n t s  ( m u l t i p l e  
l a t t i c e  s t r u c t u r e s )  a l w a y s  h a v e  s h u f f l e s  i n v o l v e d  i n  t h e i r  t w i n  m o d e s .  
I n  a d d i t i o n  s o m e  p r o p o s e d  t w i n  m o d e s  i n  s i n g l e  l a t t i c e  s t r u c t u r e s  
i n v o l v e  s h u f f l e s .
( 2 )  r o t a t i o n  o f  tc a b o u t  rfy
T h e s e  a r e  n o t  t h e  o n l y  p o s s i b l e  o r i e n t a t i o n  r e l a t i o n s ;  C r o c k e r  ( 1 9 6 2 ) ;
a n d  i n - b o d y  c e n t r e d  t e t r a g o n a l  F e  -  23% N i  -  0 .6 %  C , B e y i s  a n d  R o w la n d s
o r t h o r h o m b i c  a - u r a n i u m ,  t e t r a g o n a l  { 3 - t i n  a n d  t h e  r h o m b o h e d r a l  m e t a l s  
b i s m u t h ,  a n t i m o n y  a n d  a r s e n i c  a l l  t w i n  o n  m o d e s  i n v o l v i n g  s h u f f l e s  
s i n c e  t h e r e  a r e  n o  p o s s i b l e  s h e a r s  w h i c h  r e s t o r e  t h e  s t r u c t u r e  c o m p l e t e ­
l y  i n  a  n e w  o r i e n t a t i o n .  T h e r e  i s  h o w e v e r  a n  u n c o n f i r m e d  r e p o r t  b y  B e v L s
T y p e  I  a n d  T y p e  I I  m o d e s  h a v e  b e e n  o b s e r v e d  i n  a - u r a n i u m
w h i c h  h a s  2 a t o m s  p e r  u n i t
( 1 9 6 7 ) .
M u l t i p l e  l a t t i c e  s t r u c t u r e s  s u c h  a s  h . c . p .  m a t e r i a l s  p
a n d  R o w la n d s  o f  m o d e s  i n v o l v i n g  s h u f f l e s  i n  t h e  s i n g l e  l a t t i c e  s t r u c ­
t u r e  t e t r a g o n a l  F e  -  23% N i -  0 .6 % C .
T h e  f o l l o w i n g  g e o m e t r i c a l  c r i t e r i a  a p p e a r  t o  g o v e r n  t h e  
t w i n n i n g  m o d e s  a c t u a l l y  o b s e r v e d  i n  a  g i v e n  m a t e r i a l *  B i l b y  a n d  
C r o c k e r  ( 1965) <*
( i )  t h e  t ’w r fn n in g  s h e a r  s h o u l d  b e  s m a l l
( i i )  t h e  s h u f f l e  m e c h a n is m  s h o u l d  b e  s i m p l e ,  t h a t  i s  t h e  
f r a c t i o n  o f  a t o m s  n o t  s h e a r e d  t o  a to m  s i t e s  i n  t h e  t w i n  
s h o u l d  b e  s m a l l
( i i i )  t h e  s h u f f l e  m a g n i t u d e s  s h o u l d  b e  s m a l l
( i v )  s h u f f l e s  s h o u l d  b e  p a r a l l e l  t o  t h e  t w i n n i n g  d i r e c t i o n  
r a t h e r  t h a n  p e r p e n d i c u l a r  t o  i t .
C r i t e r i a  ( i )  a n d  ( i i )  e n a b l e  t h e  4  t w i n n i n g  e l e m e n t s  t o  b e  d e t e r m i n e d *  
T h e  o t h e r  t w o  c r i t e r i a  c a n  b e  u s e d  t o  d e c i d e  w h e t h e r  t h e  m o d e  o r  i t s  
r e c i p r o c a l  w i l l  o c c u r  i n  p r a c t i c e .
1 . 5  T h e  p o s s i b l e  t w i n n i n g  m o d e s  i n  m e r c u r y
S e v e r a l  a u t h o r s  h a v e  d e t e r m i n e d  t h e  p o s s i b l e  t w i n n i n g  m o d e s  
o f  d i f f e r e n t  l a t t i c e s .  T w in  m o d e s  f o r  t h e  m e r c u r y  s t r u c t u r e  h a v e  b e e n  
d e t e r m i n e d  b y  J a s w o n  a n d  D o v e  ( 1 9 5 ^ )  D o v e  ( 1 9 5 6 ) ,  B i l b y  a n d  
C r o c k e r  ( 1 9 6 5 ) .  T h e  m o s t  r e c e n t  d e t e r m i n a t i o n  i s  b y  B e v i s  ( 1 9 6 $ )  w h o  
u s e d  c o r r e s p o n d e n c e  m a t r i c e s  t o  d e t e r m i n e  a l l  t h e  m e r c u r y  m o d e s  w i t h  
s h e a r  l e s s  t h a n  u n i t y ,  a n d  i n  w h i c h  n o t  m o r e  t h a n  h a l f  o f  t h e  a t o m s  
s h u f f l e .  T h e s e  m o d e s  a r e  l i s t e d  i n  T a b l e  1 . 1 .  T h e  f i r s t  f i v e  m o d e s  d o  
n o t  i n v o l v e  s h u f f l e s ;  t h e  r e m a i n i n g  t h r e e  i n v o l v e  s h u f f l e s  o f  h a l f  t h e
a t o m s .  T h u s ,  t h e r e  a r e  s i x t e e n  p o s s i b l e  t w i n  m o d e s  w i t h  s h e a r  l e s s  
t h a n  u n i t y  i f  t h e  r e c i p r o c a l  in o d e s  a r e  c o u n t e d *  M o d e s  1 , 3 , 5  a n d  6 
a r e  C o m p o u n d ; m o d e s  2 a n d  4  a r e  T y p e  I ;  t h e  r e c i p r o c a l  m o d e s  o f  t h e s e  
t w o  a r e  T y p e  I I ;  m o d e s  7  a n d  8 a r e  n o n - c o n v e n t i o n a l  m o d e s  i n  w h i c h  
t h e  o r i e n t a t i o n  r e l a t i o n s h i p  i s  n e i t h e r  T y p e  I  n o r  T y p e  I I ,  a l l  t h e  
e l e m e n t s  o f  t h e s e  tw o  m o d e s  a r e  i r r a t i o n a l *  M ode 6 i n v o l v e s  a n  e x ­
c e p t i o n a l l y  s m a l l  s h e a r ,  b u t  s i n c e  t h e  s h u f f l e s  i n v o l v e d  a r e  l a r g e  i t  
i s  u n l i k e l y  t o  o p e r a t e .  I n  a d d i t i o n ,  i t  m i g h t  b e  d i f f i c u l t  t o  d e t e c t  
e x p e r i m e n t a l l y ,  s i n c e  i t  w o u ld  p r o d u c e  v e r y  s m a l l  s u r f a c e  t i l t s  a n d  
s h e a r s *  A l s o  t h e  o r i e n t a t i o n  c h a n g e  w o u ld  b e  s m a l l .  M ode 2  a n d  6 a n d
t h e  r e c i p r o c a l s  o f  m o d e s  3 a *id 5 h a v e  t h e  s l i p '  p l a n e  a s  t h e i r  
p l a n e .  F o r  t h i s  r e a s o n  t h e s e  m o d e s  a r e  l e s s  l i k e l y  t o  o p e r a t e ,  s i n c e  
s t r e s s  c o u l d  b e  a c c o m m o d a t e d  b y  s l i p  i n  < f l  1  cT> a n d  < 1^ 1  d i r e c t i o n s *
T h e r e  a r e  6 v a r i a n t s  o f  t h e  r\ d i r e c t i o n  o f  m o d e  2 ,  b u t  o n l y
3  v a r i a n t s  o f  t h e  K p l a n e .  T h i s  m e a n s  t h a t  t w i n n i n g  m ay o c c u r  b y
s h e a r  i n  o n e  o f  t w o  d i r e c t i o n s  i n  a n y - ^ 1  1 l }  p l a n e .  F o r  e x a m p l e ,
i n  t h e  ( l  1  1 ) p l a n e , s h e a r  i n  d i r e c t i o n s  £ l - c ,  - 2 - 6c ,  - l - 7c j  a n d  
£ ~ 2 ~ 6 c ,  l - c ,  - l - 7c J  c a n  c a u s e  t w i n n i n g .  I n d e e d ,  t h e s e  t w o  d i r e c t i o n s  
a r e  t h e  s a m e  a s  t h e  B u r g e r s  v e c t o r s  o f  t h e  p r o p o s e d  f l / ^  < i  i ° > .  
p a r t i a l  d i s l o c a t i o n s  w h i c h  r e s u l t e d  f r o m  t h e  s t a c k i n g  f a u l t  a p p r o a c h  
t o  t h e  s l i p  b e h a v i o u r  d e s c r i b e d  i n  S e c t i o n  1 * 3 *  e q u a t i o n s  ( 1 . 2 ) ,  ( 1 * 3 )  
a n d  ( 1 * 4 ) .
T h e  f . c . c ®  t w i n n i n g  m o d e s  c o r r e s p o n d i n g  t o  t h e  f . c * r .  m o d e s  
m ay b e  o b t a i n e d  b y  l e t t i n g  c  =  0 .  M od e 1  t h e n  d e g e n e r a t e s  t o  a  m od e  
w i t h  z e r o  s h e a r  a n d  b o t h  m o d e s  2 a n d  5 b e c o m e  t h e  o p e r a t i v e  f . c . c .  
t w i n  m o d e  w i t h  e l e m e n t s  i d e n t i c a l  t o  t h o s e  o f  5 a n d  s h e a r  2 3 .
1 .6  E x p e r im e n t a l  d e t e r m in a t i o n  o f  t h e  m e r c u r y  t w i n  mode
1 . 6 * 1  I n t r o d u c t i o n
A s r e p o r t e d  i n  S e c t i o n  1 * 3 ,  F i s h e r  ( 1 9 4 3 )  s h o w e d  t h a t  t h e  
A n d r a d e  a n d  H u t c h i n g s  ( 1 9 3 5 )  r e s u l t s  c o u l d  b e  i n t e r p r e t e d  e q u a l l y  a s  
s l i p  o n  i 1 1 1 }  o r  { l  0 ° }  p l a n e s *  T h e  f o r m e r  p l a n e s  s e e m e d  m o r e  
p r o b a b l e  s i n c e  t h e y  a r e  t h e  c l o s e s t  p a c k e d  p l a n e s  o f  t h e  m e r c u r y  
s t r u c t u r e .  T h e  s l i p  p l a n e  h a s  b e e n  c o n f i r m e d  b y  R i d e r  a n d
H e c k s c h e r  ( 1 9 6 6 ) .  T h u s  t h e  f a c t  t h a t  t h e  s l i p  p l a n e  q u o t e d  b y  A n d r a d e  
a n d  H u t c h i n g s  ( 1 9 3 5 )  w a s  i n c o r r e c t ,  i n d i c a t e s  t h a t  t h e  o p e r a t i v e  t w i n ­
n i n g  p l a n e  i s  u n l i k e l y  t o  b e  ^0 1  lj*  a s  r e p o r t e d  b y  t h e s e  a u t h o r s *  
H o w e v e r ,  a s  d e m o n s t r a t e d  b y  J a s w o n  a n d  D o v e  ( 1 9 5 6 ) ,  t h e  t w i n n i n g  m o d e  
w h i c h ,  o n  g e o m e t r i c a l  g r o u n d s ,  i s  m o s t  l i k e l y  t o  b e  o p e r a t i v e  i n  t h e  
m e r c u r y  s t r u c t u r e ,  d o e s  h a v e { p  1 l} *  h a b i t .  H o w e v e r ,  w h e r e a s  i n  o t h e r  
m e t a l s  e a c h  o f  t h e  o p e r a t i v e  t w i n n i n g  m o d e s  i n v o l v e s  t w o  c r y s t a l l o -
g r a p h i c a l l y  e q u i v a l e n t  K a n d  K p l a n e s ;  i n  m e r c u r y  t h e s e  tw o  p l a n e s1 £
a r e  d i f f e r e n t  b e i n g  { o n }  a n d  | l  0  O j r e s p e c t i v e l y .  T h u s  t h e  q u e s ­
t i o n  a r i s e s  w h y  t w i n s  o n £ l  0 o j  p l a n e s ,  c o r r e s p o n d i n g  t o  t h e  r e c i p r o c a l  
o f  t h e  [0  1 l }  m o d e ,  h a v e  n o t  b e e n  o b s e r v e d *  J a s w o n  a n d  D o v e  ( 1 9 5 6 )  
s u g g e s t e d  t h a t  £ l  0 0^ d i d  n o t  o p e r a t e  a s  a  t w i n n i n g  p l a n e  b e c a u s e  i t  
i s  t h e  s l i p  p l a n e ,  b u t  a s  e x p l a i n e d  a b o v e  t h i s  i s  k n o w n  t o  b e  i n c o r ­
r e c t *  T h e  s h e a r  a s s o c i a t e d  w i t h  t h e  m e r c u r y  t w i n n i n g  m o d e  w i t h  £0 1 lj*  
a n d  £ 1 0 0 }  t w i n n i n g  p l a n e s  h a s  m a g n i t u d e  0 * 4 6 *  T h i s  v a l u e  i s  u n ­
u s u a l ,  m o s t  t w i n n i n g  m o d e s  h a v e  s h e a r s  e i t h e r  m u ch  s m a l l e r  o r  m u ch  
l a r g e r  t h a n  t h i s .  A l s o  i t  i s  i n t e r e s t i n g  t o  c o m p a r e  t h e  t w i n n i n g  b e ­
h a v i o u r  o f  m e r c u r y  w i t h  t h a t  o f  f . c . c *  m e t a l s ,  t o  w h i c h  i t s  s t r u c t u r e  
a p p r o x i m a t e s .
I n  a  p a p e r  b y  C r o c k e r  e t  a l  ( 1966) ,  e x p e r i m e n t s  a r e  d e s ­
c r i b e d  i n  w h i c h  t h e  t w i n  m o d e  w a s  d e t e r m i n e d  b y  a  s i n g l e  s u r f a c e  
a n a l y s i s  o f  a  s i n g l e  g r a i n  o f  a  f l a t  m e r c u r y  s p e c i m e n .  T h i s  a n a l y s i s  
w a s  s u g g e s t e d  f r o m  t h e  p r e l i m i n a r y  r e s u l t s  o f  t h e  e x p e r i m e n t s  r e p o r t e d  
i n  C h a p t e r  I I  a n d  a l s o  f r o m  t h e  p r e d i c t i o n s  o f  p o s s i b l e  t w i n  m o d e s  i n
m e r c u r y  b y  B e v i s  ( 1 9 6 6 ) .  P r e v i o u s  a t t e m p t s  t o  i n t e r p r e t  t h e  t w i n
t w i n s  h a d  b e e n  u n s u c c e s s f u l * T h e  e x p e r i m e n t a l  p r o c e d u r e  a n d  s t e r e o -  
g r a p h i c  a n a l y s i s  a p p l i e d  t o  t h i s  p a r t i c u l a r  g r a i n  i s  d e s c r i b e d  b e l o w .
P o l y c r y s t a l l i n e  f l a t  s p e c i m e n s  w e r e  g r o w n  b y  c a r e f u l  f r e e z i n g
o f  a  p o o l  o f  m e r c u r y  i n  a  s t a i n l e s s  s t e e l  d i s h .  T h e  s p e c i m e n  w a s  
d e f o r m e d  b y  t a p p i n g  w i t h  a  r o d *  T h e  d i r e c t i o n s  o f  s l i p  a n d  t v / i n  t r a c e s  
w e r e  m e a s u r e d  w i t h  a  g o n i o m e t e r  e y e p i e c e  a t t a c h e d  t o  a  m e t a l l u r g i c a l  
m i c r o s c o p e .  T h e  t w i n  t i l t s  w e r e  m e a s u r e d  a p p r o x i m a t e l y  b y  o b s e r v i n g
t h e  r e f l e x i o n  o f  l i g h t  f r o m  a  s m a l l  la m p .  A p p a r e n t  s u r f a c e  s h e a r s
w e r e  m e a s u r e d  b y  d e t e r m i n i n g  t h e  s h e a r  o f  s l i p  l i n e s .  T h e  o r i e n t a t i o n  
w a s  d e t e r m i n e d  f r o m  t h e  a n g l e s  b e t w e e n  s l i p  t r a c e s .  A p a p e r  b y  B e v i s  
e t  a l  ( 1 9 6 4 )  d e s c ^ b e s  m e t h o d s  o f  d e t e r m i n i n g  t h e  o r i e n t a t i o n  o f  r h o m -  
b o h e d r a l  c r y s t a l s ,  a n d  i n  p a r t i c u l a r  m e r c u r y ,  f r o m  t h e  a n g l e s  b e t w e e n  
t h r e e  s e t s  o f  c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t  s l i p  t r a c e s  o r  a  s i n g l e  
s u r f a c e .  A n  e x a c t  a n a l y t i c  m e t h o d  i n v o l v i n g  t h e  s o l u t i o n  o f  a  q u a d r a t i c  
e q u a t i o n  w a s  u s e d .  T h i s  g a v e  tw o  p o s s i b l e  o r i e n t a t i o n s  I  a n d  I I ?  t h e s e  
a r e  s h o w n  i n  F i g s .  l * 7 ( i )  a n d  ( i i ) .  I n  o r d e r  t o  d e t e r m i n e  w h i c h  o f  
t h e  o r i e n t a t i o n s  w a s  c o r r e c t  i t  w a s  n e c e s s a r y  t o  u t i l i s e  t h e  a d d i t i o n a l  
i n f o r m a t i o n  p r o v i d e d  b y  t h e  t w i n s .
1 . 6 * 3  I n t e r p r e t a t i o n  i n  t e r m s  o f  t w i n  m o d e 1
t r a c e s  o f  t h i s  p a r t i c u l a r  g r a i n
1 * 6 . 2  E x p e r i m e n t a l  p r o c e d u r e s
T h e  m o s t  o b v i o u s  d e d u c t i o n  t o  m a k e  f r o m  t h e  a p p e a r a n c e  o f  
f o u r  t w i n s  011 d i f f e r e n t  p l a n e s  i n  a  s i n g l e  g r a i n  i s  t h a t  b o t h
a n d c o m p o s i t i o n  p l a n e s  o f  m o d e  1 ,  T a b l e  1 . 1  a r e  o p e r a t i n g .
T h e r e  a r e  i n  f a c t  a  t o t a l  o f  s i x  v a r i a n t s  o f  t h e s e  tw o  p l a n e s .
I n  o r d e r  t o  t e s t  t h i s  h y p o t h e s is ,  t h e  ^ 1  0  0 j  a n d  ^ 0 1 1
p o l e s  w e r e  p l o t t e d  i n  t h e  t w o  p o s s i b l e  o r i e n t a t i o n s  I  a n d  XI i n  F i g .  
1 „ 7  ( i )  a n d  ( i i ) .  T h e  t r a c e s  o f  t h e  n o r m a l s  a n d  t w i n  p l a n e s  w e r e  
a l s o  d r a w n . I n  n e i t h e r  c a s e  w a s  s a t i s f a c t o r y  a g r e e m e n t  f o r  t w i n s  
o b t a i n e d .  T h e  e r r o r s  f o r  t h e  n e a r e s t  ^ 1 0  0 ^  a n d  | o  1 1 ^  p o l e s  b e i n g  
a s  m u ch  a s  1 0 °  i n  s o m e  c a s e s  f o r  o r i e n t a t i o n  I I ?  o r i e n t a t i o n  I  g i v e s  
b e t t e r  a g r e e m e n t .  T o  c h e c k  o r i e n t a t i o n  I ,  t h e  t i l t s  f o r  e a c h  o f  t h e  
p r o p o s e d  { 1  0  o }  a n d  ^ 0  1 1 j* t w i n  w e r e  c a l c u l a t e d  a n d  c o m p a r e d  t o  t h e  
f o u r  m e a s u r e d  v a l u e s .  T h e  t i l t s  9 ^  i n  T a b l e  1 . 2  s h o w e d  n o  a g r e e m e n t  
w i t h  t h e  o b s e r v e d  v a l u e s  9 *  I t  i s  c l e a r  t h a t  t h e  t w i n s  d o  n o t  b e l o n g  
t o  m o d e  1 o r  i t s  r e c i p r o c a l ©
1 . 6 . 4  I n t e r p r e t a t i o n  i n  t e r m s  o f  m o d e  2
S i n c e  t h e  t w i n s  a r e  n o t  c o n s i s t e n t  w i t h  e i t h e r  o f  t h e  com ­
p o s i t i o n  p l a n e s  | l  0  o j  o r  ( °  1  V  o f  m o d e  1 ,  t h e  n e x t  p o s s i b i l i t y  i s  
t o  i n t e r p r e t  t h e m  i n  t e r m s  o f  m o d e  2. T h e  I 1 1  P  t y p e  c o m p o s i t i o n  
p l a n e s  m ay  b e  e l i m i n a t e d  i m m e d i a t e l y  s i n c e  t h e  t w i n  t r a c e s  a r e  n o t  
p a r a l l e l  t o  t h e  s l i p  t r a c e s #  T h u s  t h e  r e c i p r o c a l  o f  m o d e  2 m u s t  b e  
c o n s i d e r e d .  T h i s  i s  a  T y p e  I I  m o d e  w i t h  a n  i r r a t i o n a l  c o m p o s i t i o n  
p l a n e  * { I  3  5 }  f •  T h e  n o r m a l s  t o  t h e  t w i n  t r a c e s  m u s t  t h e r e f o r e  l i e  
o n  f o u r  o f  t h e  6  v a r i a n t s  o f  * ^ 1  3  f .
T h e  s t e r e o g r a m s  o f  F i g .  1*7 ( i i i )  a n d  ( i v )  g i v e  t h e  tw o  
p o s s i b l e  o r i e n t a t i o n s  d e t e r m i n e d  f r o m  t h e  s l i p  t r a c e s  w i t h  t h e  
' { l 3  5 } •  p o l e s  i n d i c a t e d .  T h e r e  i s  v e r y  g o o d  a g r e e m e n t  b e t w e e n  t h e  
n o r m a l s  t o  t h e  t r a c e s  a n d  f o u r  o f  t h e  ’ ^ 1 3  5  |  * p o l e s  i n  F i g .  1 . 7
( i i i )  w h i c h  i s  o r i e n t a t i o n  I *  T h e r e  i s  n o  s u c h  a g r e e m e n t  f o r  
o r i e n t a t i o n  I I  w h i c h  m ay  t h e r e f o r e  b e  d i s c a r d e d .  T h e  m a g n i t u d e  o f  
s u r f a c e  s h e a r s  s ^  c a l c u l a t e d  f o r  t h e s e  f o u r  v a r i a n t s  o f  1 £ l  3 5 J  » 
a r e  s h o w n  i n  T a b l e  1.2 a n d  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  m e a s u r e d  
t i l t s  a n d  s h e a r s  9  a n d  s .  T h u s ,  t h e r e  i s  v e r y  g o o d  e v i d e n c e  t h a t  t h e  
• I 1 3 5 } '  mod© i s  o p e r a t i v e .
T h e  s i n g l e  s u r f a c e  a n a l y s i s  m e t h o d  h a s  b e e n  r e p e a t e d  o n  a  
g r a i n  w i t h  t w o  t w i n  a n d  t h r e e  s l i p  t r a c e s  a n d  a g a i n  e x c e l l e n t  a g r e e ­
m e n t  w a s  o b t a i n e d .  H o w e v e r ,  b e c a u s e  o f  t h e  e x c e p t i o n a l  n a t u r e  o f  t h e  
t w i n  m o d e ,  t h e  t w o  s u r f a c e  a n a l y s i s  i n v o l v i n g  X - r a y  m e a s u r e m e n t s  w a s  
c o n t i n u e d .  I n d e e d ,  t h e  p r e l i m i n a r y  r e s u l t s  o f  t h i s  a n a l y s i s  h a d  p r o ­
v i d e d  t h e  f i r s t  e x p e r i m e n t a l  e v i d e n c e  t h a t  t h e  1 ^ 1  3 5 }  ' m o d e  w a s  
o p e r a t i v e *
T h e  o n l y  o t h e r  m e t a l  i n  w h i c h  T y p e  I  a n d  T y p e  I I  m o d e s  h a v e  
b e e n  o b s e r v e d  i s  a - u r a n i u m  a n d  e v e n  t h e n  a  C om p ou n d  m o d e  p r e d o m i n a t e s .
I n  m e r c u r y  a  T y p e  I I  m o d e  i s  p r e f e r r e d  t o  a  C om p ou n d  m o d e  w i t h  s m a l l e r  
s h e a r *  M e r c u r y  i s  c e r t a i n l y  t h e  f i r s t  s i n g l e  l a t t i c e  s t r u c t u r e  i n  w h i c h  
a  T y p e  I I  m o d e  h a s  b e e n  c o n f i r m e d *  T h e  o p e r a t i o n  o f  t h e  ' { l  3  5 }  ' 
m o d e  c a n n o t  b e  a c c o u n t e d  f o r  b e c a u s e  o f  u n f a v o u r a b l e  s h u f f l e  m e c h a n ­
i s m s  i n  t h e  o t h e r  in o d e s ,  s i n c e  n o n e  o f  t h e  m o d e s  1  t o  5 i n v o l v e  s h u f f l e s .  
I t  i s  n o t  s u r p r i s i n g  h o w e v e r  t h a t  t h e  r e c i p r o c a l  T y p e  I  m o d e  d o e s  n o t  
o p e r a t e ,  s i n c e  t h e  c o m p o s i t i o n  p l a n e  £  I  1  1 ^ - a n d  t w i n n i n g  d i r e c t i o n  
1 1 y  a r e  a l m o s t  t h e  sa m e  a s  f o r  t h e  p r e d o m i n a n t  s l i p  p l a n e  a n d  
d i r e c t i o n .
I n  o r d e r  t o  i l l u s t r a t e  t h e  a t o m i c  m o v e m e n ts  i n v o l v e d  i n  t h e
T y p e  I I  m o d e :  F i g .  1 . 8  s h o w s  a  p l a n e  o f  s h e a r  p l o t .  T h e  p l a n e  o f
s h e a r  i s  i n  f a c t  a n  i r r a t i o n a l  id l a n e 0, h o w e v e r  b y  m a k in g  t h e  a p p r o x im a ­
t i o n  c  »  —l / y  t h e  p l a n e  o f  s h e a r  b e c o m e s  t h e  r a t i o n a l  ( 3 1  l )  p l a n e *
T h i s  h a s  a  4 - f o l d  s t a c k i n g  s e q u e n c e ,  w h i c h  i s  i n d i c a t e d  i n  t h e  f i g u r e
b y  t a g s  o n  t h e  a t o m s *  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a l t h o u g h  f o r  
c  a* - 1 / 7 , a l l  t h e  t w i n n i n g  e l e m e n t s  a r e  r a t i o n a l ,  t h e  o r i e n t a t i o n  
r e l a t i o n s h i p  i s  s t i l l  T y p e  I I  t h a t  i s  a  r o t a t i o n  o f  ic a b o u t
S i n c e  i t  h a s  b e e n  s h o w n  t h a t  m o d e  I  i n  w h i c h  g  «  0 * 4 6 ,  d o e s
1 .7  D is c u s s io n  o f  t h e  ' {  1 3 5  j  mode
.2 5 ®
n o t  o p e r a t e , t h e  d i v i s i o n  o f  o p e r a t i v e  t w i n  m o d e s  i n t o  tw o  t y p e s ;  t h o s e  
w i t h  h i g h  a n d  l o w  s h e a r s ,  b e c o m e s  m o r e  s t r i k i n g .  T h e  ? 1  0  1 2 j  h . c . p ,
{ I  0  l ]  a n d  £3 0  t e t r a g o n a l ,  { l  1  o }  r h o m b o h e d r a l  a n d  m an y  o t h e r  
t w i n  m o d e s  i n  m e t a l s  a l l  h a v e  s h e a r s  l e s s  t h a n  0 * 3 *  W h e r e a s  t h e  ( i  1 1 }  
f . c . c , ,  f l  1  2 } b , c . c . ,  { l l 2 l }  h . c . p ,  a n d  t h e  ' { l  3  5 j  ' m e r c u r y  
m o d e s  a l l  h a v e  s h e a r s  g r e a t e r  t h a n  0 . 6 *  A s  s u g g e s t e d  b y  C r o c k e r  e t  a l  
( 1966) t h i s  m ay  i n d i c a t e  h o m o g e n e o u s  a n d  in h o m o g e n e o u s  n u c l e a t i o n  
m e c h a n is m s  f o r  l o w  a n d  h i g h  s h e a r s  r e s p e c t i v e l y *  T h e r e  a r e  c e r t a i n l y  
d i s l o c a t i o n  d i s s o c i a t i o n  m e c h a n is m  f o r  t h e  b . c . c .  a n d  f . c . c *  t w i n s ,  
C o t t r e l l  a n d  B i l b y  ( 1 9 5 1 ) ,  V e n a b l e s  ( 1 9 6 4 ) .  T h e r e  i s  h o w e v e r  n o  s i m p l e  
d i s l o c a t i o n  d i s s o c i a t i o n  m e c h a n i s m s f o r  { l  1  2 l } -  h . c . p .  t w i n s  a s  p o i n t e d  
o u t  b y  R e e d  H i l l  ( 1 9 6 4 ) ,  n o r  i s  t h e r e  f o r  m e r c u r y  t w i n s .  H o w e v e r ,  t h e  
c o r r e s p o n d e n c e  n o t e d  i n  S e c t i o n  1 « 5  b e t w e e n  f . c . c .  t w i n s  a n d *  f i  3  5 }  ' 
t w i n s  m ay  b e  s i g n i f i c a n t .  I n  f a c t  a  d i s s o c i a t i o n  m e c h a n is m  f o r  
' i 1  5  5 }  1 t w i n s  i s  p r o p o s e d  i n  C h a p t e r  V b u t  t h i s  d o e s  n o t  i n v o l v e
s l i p  d i s l o c a t i o n s .  F o r  l o w  s h e a r  t w i n s ,  t h e r e  i s  c o n v i n c i n g  e l e c t r o n  
m i c r o s c o p y  e v i d e n c e  f o r  t h e  h o m o g e n e o u s  n u c l e a t i o n  o f  £ l  0 1  2 j* t w i n  
i n  v e r y  p e r f e c t  z i n c  c r y s t a l s ,  P r i c e  ( 1960) .
T h e  s i n g l e  s u r f a c e  a n a l y s i s  m e t h o d  i s  a  v e r y  p o w e r f u l  m e t h o d  
f o r  i n v e s t i g a t i n g  t h e  m o r p h o lo g y  o f  t w i n s .  F u r t h e r  u s e  o f  t h i s  m e t h o d  
i n  a n  i n v e s t i g a t i o n  o f  t w i n  i n t e r s e c t i o n s  a n d  i n c o h e r e n t  t w i n  i n t e r ­
f a c e s  i s  r e p o r t e d  i n  C h a p t e r  I V .
1 . 8  C o n c l u s i o n
1 . 8 . 1  L e t t e r  n o t a t i o n  f o r  d e f o r m a t i o n  m o d e s
T h e r e  a r e  t h r e e  v a r i a n t s  o f  t h e  e s t a b l i s h e d  ^1  1  l j s l i p  
p l a n e  i n  e a c h  o f  w h i c h  l i e s  a  s i n g l e  s l i p  d i r e c t i o n  o f  t h e  t y p e  ( 0 1  <
T h i s  i s  t h e  p r e d o m i n a n t  s l i p  d i r e c t i o n  a t  l i q u i d  a i r  t e m p e r a t u r e  a n d  a t  
~ 7 0 ° C .  T h i s  d i r e c t i o n  h a s  b e e n  t e r m e d  t h e  l o n g  d i a g o n a l  s l i p  d i r e c t i o n
»26
b y  R i d e r  a n d  H e c k s c h e r  ( 1966) t o  d i s t i n g u i s h  i t  f r o m  t h e  l e s s  com m on  
<^1 0  3 ^  s l i p  d i r e c t i o n  w h i c h  i s  t e r m e d  s h o r t  d i a g o n a l .  T h e s e  t e r m s  a r i s e  
f r o m  t h e  f a c t  t h a t  a  { 1  o  0 }  f a c e  o f  t h e  f . c . r .  c e l l  w h i c h  i s  a  r h o m b u s  
h a s  l o n g  a n d  s h o r t  d i a g o n a l s  p a r a l l e l  t o  <^ 0 1  1 ^  a n d  7^0 1  1 /  t y p e  
d i r e c t i o n s  r e s p e c t i v e l y .
T h e r e  a r e  s i x  v a r i a n t s  o f  t h e  ' { i 3 5 }  ’ t w i n  m o d e , o n e  o f  
w h i c h  l i e s  i n  e a c h  o f  t h e  s i x  u n i t  t r i a n g l e s  o f  t h e  1 1 1  p r o j e c t i o n  
F i g *  l * 3 ( t u ) T h e  s i x  u n i t  t r i a n g l e s  a r e  h o w e v e r  n o t  a l l  c o m p l e t e l y  
i d e n t i c a l ,  s i n c e  t h e y  m ay b e  d i v i d e d  i n t o  tw o  t y p e s ,  t h e  c o n f i g u r a t i o n  
o f  l a t t i c e  v e c t o r s  w i t h i n  t h e s e  t w o  t y p e s  a r e  r e l a t e d  b y  m i r r o r  
r e f l e c t i o n ,  n e i g h b o u r i n g  t r i a n g l e s  b e i n g  o f  o p p o s i t e  t y p e .  A l s o ,  t h e  
s t r u c t u r e s  o f  t h e  p l a n e s  l o c a t e d  i n  t h e s e  t r i a n g l e s  a r e  r e l a t e d  b y  
m i r r o r  r e f l e c t i o n .  T h u s  t h e  s i x  t w i n  c o m p o s i t i o n  p l a n e s  a r e  o f  tw o  
t y p e s  w h o s e  s t r u c t u r e  i s  r e l a t e d  b y  m i r r o r  r e f l e c t i o n .  T h e  p l a n e s  
( 3 5 1 ) 7  ( 5 1 3 ) }  a n d  ( 1 3 5 ) a r e  o f  o n e  t y p e  a n d  t h e  p l a n e s  (5 3 l ) ?  
( 3 1 5 )  a n d  ( l  5  3 )  o f  t h e  o t h e r  t y p e .  T h e  n e g a t i v e  a n d  p o s i t i v e  
s i d e s  o f  t h e s e  p l a n e s  a r e  a l s o  r e l a t e d  b y  m i r r o r  r e f l e c t i o n .  T h u s ,  
t h e  p l a n e s  ( 1 3 5 ) a n d  ( 1 3 5 ) h a v e  m i r r o r  r e l a t e d  s t r u c t u r e s .
M o d e ls  o f  t h e s e  p l a n e s  c o n s t r u c t e d  f r o m  s x ^ h e r o id s  a r e  s h o w n  i n  F i g .  
5 * 6 ( i )  a n d  ( i i ) .  T h e  s i x  v a r i a n t s  o f  t h e  t w i n  c o m p o s i t i o n  p l a n e  h a v e  
b e e n  l a b e l l e d  a ,  b  c  a n d  a ’ , b * , c 1 i n  t h e  s a m e  o r d e r  a s  t h e y  a r e  l i s t ­
e d  a b o v e .  T h e s e  a r e  p l o t t e d  i n  t h e  s t a n d a r d  1 1 1  p r o j e c t i o n ,  F i g .  1 . 8 ,  
w h i c h  i s  t o  b e  f o u n d  a t  t h e  e n d  o f  C h a p t e r  V f o r  e a s y  r e f e r e n c e .  T h e  
c o r r e s p o n d i n g  s h e a r  d i r e c t i o n s  a r e  l a b e l l e d  a ,  j3, Y a n d  a ’ , j3’ , y ’®
T h e  p r im e d  a n d  u n p r im e d  p l a n e s  a n d  d i r e c t i o n s  h a v e  m i r r o r  r e l a t e d  
s t r u c t u r e s .  I n  a d d i t i o n ,  t h e  p a i r s  o f  t w i n s  a ,  a ’ ; b ,  b '  a n d  c , c ’ h a v e  
a p p r o x i m a t e l y  com m on p i l^ n e s  o f  s h e a r .  T h e  It p l a n e s  o f  t w i n s  a  a n d  
a ’ a r e  b o t h  ( i l l )  w h i c h  i s  a  s l i p  p l a n e .  T h i s  p l a n e  i s  l a b e l l e d  
A# S i m i l a r l y  t h e  p a i r s  o f  t w i n s  b ,  b f a n d  c ,  c ’ h a v e  com m on xd l a n e s  
w h i c h  a r e  l a b e l l e d  B  a n d  C r e s p e c t i v e l y *  T h u s  t h e  t h r e e  s l i p  p l a n e s
( i l l )  ( i l l )  a n d  ( l  1  l )  h a v e  b e e n  l a b e l l e d  A , B a n d  C . T h e  
c o r r e s p o n d i n g  s l i p  d i r e c t i o n s  [ I  i  o ]  ,  [ O i l ]  a n d  | j !  ( )  a r e  
l a b e l l e d  0  0  a n d  ^  .  T h e s e  n i n e  p l a n e s  a n d  n i n e  d i r e c t i o n s ,
d e f i n i n g  p r e d o m i n a n t  d e f o r m a t i o n  m o d e s  a r e  s h o w n  i n  F i g .  1 . 8 .  A l l  
t h e s e  p l a n e s  a n d  d i r e c t i o n s  l i e  a p p r o x i m a t e l y  o n  t h r e e  g r e a t  c i r c l e s  
w i t h  p o l e s  a t  C.1 1 2 1 > J d  a n d  &  z  0  -  T h e  l e t t e r  n o t a t i o n  
d e s c r i b e d  a b o v e  i s  u s e d  w h e n e v e r  c o n v e n i e n t ,  t h r o u g h o u t  t h i s  t h e s i s .
1 . 8 . 2  T h e  l a y o u t  o f  t h e  t h e s i s
M o s t  o f  t h e  p u b l i s h e d  w o r k  o n  t h e  d e f o r m a t i o n  o f  c r y s t a l l i n e  
m e r c u r y  h a s  b e e n  r e v i e w e d  i n  t h i s  c h a p t e r .  T h e  r e m a i n d e r  o f  t h i s  
t h e s i s  w i l l  b e  c o n c e r n e d  m a i n l y  w i t h  d e f o r m a t i o n  t w i n n i n g  i n  m e r c u r y *
T h e  s i n g l e  s u r f a c e  a n a l y s i s  o f  a  m e r c u r y  c r y s t a l  d e s c r i b e d  
i n  S e c t i o n  1 . 6 ,  s h o w e d  t h a t  t h e  o p e r a t i v e  t w i n  m o d e  i n  t h a t  c r y s t a l  
h a d  e l e m e n t s  IC^, K g r}^ T)g c o n s i s t e n t  w i t h  t h e  m o d e  ' { I  5  5 }  '
{ l  1  l } < l  2 1 *> » <^ 0 I  1 ^  ' .  T h e  o p e r a t i o n  o f  t h i s  m o d e  i n  m e r c u r y
c o n t r a v e n e s  t h e  a c c e p t e d  c r i t e r i a  f o r  d e f o r m a t i o n  t w i n n i n g  a n d  i s  a l s o  
t h e  f i r s t  T y p e  I I  m o d e  i n  a  s i n g l e  l a t t i c e  s t r u c t u r e .  I t  i s  t h e r e f o r e  
d e s i r a b l e  t o  c o n f i r m  t h e s e  r e s u l t s  b y  a  m e t h o d  w h i c h  d e t e r m i n e s  t h e  
e l e m e n t s  u n e q u i v o c a l l y .  T h e  e x p e r i m e n t a l  m e t h o d  a d o p t e d  i s  d e s c r i b e d  
i n  C h a p t e r  I I .  B e c a u s e  o f  t h e  e x c e p t i o n a l  n a t u r e  o f  t h e  t v / i n n i n g  m o d e ,  
i n v e s t i g a t i o n s  o f  i t s  n u c l e a t i o n  a n d  g r o w t h  m e c h a n is m s  w o u ld  b e  
i n t e r e s t i n g  a s  t h e y  m i g h t  g i v e  a n  i n s i g h t  o n  t h e  m o r e  c o n v e n t i o n a l  
m o d e s  i n  o t h e r  m e t a l s .  I n  C h a p t e r s  I I I  a n d  IV  b e n d i n g  t e s t s  o n  s i n g l e  
c r y s t a l s  a r e  d e s c r i b e d  a n d  o b s e r v a t i o n s  o f  g r o w t h ,  i n t e r a c t i o n s  o f  s l i p  
o n  t h e  t w i n  b o u n d a r y ,  t h e  i n f l u e n c e  o f  c r y s t a l  o r i e n t a t i o n  o n  t w i n n i n g  
a n d  t h e  g e n e r a l  m o r p h o l o g y  o f  t w i n s  a r e  r e p o r t e d .  I n  C h a p t e r s  V a n d  
V I  a l l  t h e s e  r e s u l t s  a r e  d i s c u s s e d  i n  a n  a t t e m p t  t o  d i s c o v e r  t h e  
n u c l e a t i o n  a n d  g r o w t h  m e c h a n is m s  a n d  w h y  t h e  ' { I  3  5  }  * m o d e  i s  p r e ­
f e r r e d  t o  t h e  m o d e s  v / i t h  s m a l l e r  s h e a r *  O t h e r  o b s e r v a t i o n s  a n d  i* 
m e t h o d s  o f  a n a l y s i s  a r i s i n g  f r o m  C h a p t e r s  I I ,  I I I  a n d  IV  a r e  t o  b e  
f o u n d  i n  A p p e n d i c e s  I  t o  V*
Ta b l e  1 * 1  P o s s i b l e  t v / i n n i n g  m o d e s  o f  c r y s t a l l i n e
m e r c u r y
«29#
1
K '
K 2 h
8 ii
1 O i l 1 0  0 1 0  0 O i l 0.457
2 i l l »1 3 5 ’ ( a ) ’ 0  1 1 1(b) 1 2  1 0.633
3 1 0  0 1 1 1 O i l 2  1 1 0 . 8 8 0
4 -3  1 1 ?3 1 3 ’ (c) ' 1  1 4(d) 1 0  1 0 . 8 8 8
5 1 1 1 1 1 1 1 1 2 1 1 2 0 . 9 0 1
6 1 1 1 1 1 3 1 1 2 3 3 2 0.007
7 2 2 a* 2 2 a 3 3 a “ 3 3 a 0.453
8 p*2 2 p"2 2 P“3 3 13 3 3 0.453
No s h u f f l e s  a r e  n e c e s s a r y  i n  m o d e s  1 - 5  h u t  h a l f  t h e  a t o m s  
m u s t  s h u f f l e  i n  m o d e s  6 - 8* T h e  r a t i o n a l  a p p r o x i m a t i o n s  t o  i r r a t i o n a l  
e l e m e n t s  h a v e  b e e n  o b t a i n e d  b y  l e t t i n g  c  «  - l / y .  T h e  a l g e b r a i c  e x ­
p r e s s i o n s  f o r  t h e s e  e l e m e n t s  a r e s
( a )  ( - l - 5 c ,  - l - c ,  l ~ 3c ) ;  ( b )  - l ~ 7c ,  - 2- b c ,  l - c  
( c )  ( l + c ,  - l - 5c ,  - l - c ) |  ( d )  1 - e ,  - 4 - 2 0 c ,  - 7“ 17 c
I n  a d d i t i o n  a *  =  2  ( - l - i - 9 c ) +  2 ( 5 7 c 2+ 6 c + l )2 ( 1 + 7 C )" 1 
(31' =  2  ( l+ 1 5 c ) ; f c  2 ( 5 7 c 2+ 6 c + l )2 ( l - c )**1
/*te.C'cri U+ifrU
T a b l e  1 . 2  C o m p a r is o n  o f - e e m p a r e r d -  a n d  p r e d i c t e d  t i l t s  a n d
s h e a r s
•» T1
T
a 2 T 3 T4
9 20° i ~o1 7 3° 1 7 °
O b s e r v e d  S 0.30 0 - 3 7 0.38 0 . 3 9
S +0 .  02 +0.05 +0.15 + ° . ° 5
e i 2° 22°
i
003
i
1 °
P r e d i c t e d 28° 1 4 ° 4 ° 2 5 °
S2 0 . 3 0 0.38 0 . 4 8 0 . 4 l  ,
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F i g .  1 * 1 * A n  X - r a y  b a c k  r e f l e x i o n  p h o t o g r a p h  o f  m e r ­
c u r y .  T h e  i n c i d e n t  b eau t i s  p a r a l l e l  t o  t h e  
3 - f o l d  a x i s .  T h e  t h r e e  b r i g h t  s p o t s  a r e  
d u e  t o  B r a g g  r e f l e x i o n  o f  Cu K a r a d i a t i o n *
F i g .  1 * 2 .  T h e  u n i t  c e l l  o f  m e r c u r y .  T h e  v e c t o r s  ^  
a n d  b .  ( i  = 1 ,  2 ,  3 ) d e f i n e  t h e  f a c e  
c e n t r e d  a n d  p r i m i t i v e  b a s e s  r e s p e c t i v e l y .
\
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A * .  V
A t o m i c  p o s i t i o n s  S  T  U a n d  V i n  a  m e r c u r y  
{ i l l }  p l a n e  a n d  p r o j e c t e d  p o s i t i o n s  o f  
a t o m s  i n  n e i g h b o u r i n g  p l a n e s ,  r e p r e s e n t e d
b y  0^(1  .  x  t o  4 ) .
S t a c k i n g  s e q u e n c e s  ( i )  a n d  ( i i )  i n  t h e  p e r *  
f e e t  m e r c u r y  s t r u c t u r e  a n d  ( i i i )  t h e  
f a u l t e d  s t r u c t u r e  h a v i n g  n o  f i r s t  n e i g h ­
b o u r  v i o l a t i o n s #
R e l a t i o n  o f  s p h e r e  a n d  s h e a r e d  e l l i p s o i d s
T ,
** *•’ i• - . T'" " /*
34 c
7.* P r o j e c t i o n s  u s e d  i n  t h e  s i n g l e  s u r f a c e  
s t e r e o g r a p h i c  a n a l y s i s  o f  a  f l a t  g r a i n *  
O r i e n t a t i o n  X i s  s h o w n  i n  ( i )  a n d  ( i i i )  
a n d  O r i e n t a t i o n  I I  i n  ( i i )  a n d  ( i v ) *  T h e  
n o r m a l s  t o  t h e  t w i n  t r a c e s  T g ,  
a n d  a r e  s h o w n  i n  a l l  f o u r  p r o j e c t i o n s *
F i g *  1 * 8* A p p r o x i m a t e  p l a n e  o f  s h e a r  p l o t  i l l u s t r a ­
t i n g  t h e  a t o m i c  m o v e m e n t s  a s s o c i a t e d  w i t h  
t h e  * £  1  3 5 ^ » m e r c u r y  t w i n n i n g  m o d e*  
P a r e n t  a n d  t w i n  a t o m  s i t e s  a r e  i n d i c a t e d  
b y  c l o s e d  a n d  o p e n  s y m b o l s  r e s p e c t i v e l y *  
T h e  s t a c k i n g  s e q u e n c e  o f  t h e  p l a n e  o f  
s h e a r  i s  f o u r f o l d ,  s i t e s  i n  s u c c e s s i v e  
p l a n e s  b e i n g  d i s t i n g u i s h e d  b y  t a g s  a t  90°  
i n t e r v a l s *
CHAPTER I I  
DETERMINATION OF THE TWINNING ELEMENTS
2 * 1 I n t r o d u c t i o n
T h e  r e s u l t s  o f  t h e  s i n g l e  s u r f a c e  a n a l y s i s  o f  a  f l a t
p o l y c r y s t a l l i n e  s p e c i m e n  d e s c r i b e d  i n  C h a p t e r  I  i n d i c a t e s  t h a t  a  u n i q u e  
t w i n n i n g  m o d e  o p e r a t e s  i n  t h e  d e f o r m a t i o n  o f  m e r c u r y *  T h i s  a n a l y s i s  
s h o w s  t h a t  t h e  s u r f a c e  t r a c e s  a r e  c o n s i s t e n t  w i t h  a  t w i n n i n g  m o d e  w i t h
p l a n e  o f  a  c r y s t a l l o g r a p h i c a l l y  p o s s i b l e  T y p e  I I  t w i n n i n g  mode© T h e r e  
i s  a l s o  r o u g h  a g r e e m e n t  b e t w e e n  t h e  m e a s u r e d  s u r f a c e  s h e a r s  o f  t h i s  
s p e c i m e n  a n d  t h o s e  p r e d i c t e d  f o r  t h i s  p a r t i c u l a r  t w i n  m o d e .  T h e  
o r i e n t a t i o n  o f  t h e  s p e c i m e n  w a s  h o w e v e r  o b t a i n e d  f r o m  s u r f a c e  s l i p  
t r a c e s .  T h i s  m e t h o d  g a v e  r i s e  t o  f o u r  p o s s i b l e  o r i e n t a t i o n s ,  t h r e e  o f  
w h i c h  w e r e  e l i m i n a t e d  b e c a u s e  n o  c o n s i s t e n c y  c o u l d  b e  f o u n d  b e t w e e n  t h e  
t w i n  t r a c e s  a n d  t h o s e  p r e d i c t e d  f o r  t h i s  t w i n  m o d e .  T h u s  t h e  r e s u l t s  
n e e d  t o  b e  c o n f i r m e d  b y  a  m e t h o d  i n  w h i c h  t h e  o r i e n t a t i o n  o f  t h e  
s p e c i m e n  a n d  a l l  t h e  t w i n n i n g  e l e m e n t s  a r e  d e t e r m i n e d  u n e q u i v o c a l l y .  
C o n f i r m a t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t  b e c a u s e  o f  t h e  u n i q u e  n a t u r e  o f  
t h i s  t w i n  m o d e .
T h i s  c h a p t e r  d e s c r i b e s  t h e  e x p e r i m e n t a l  m e th o d  a n d  d e a l s  w i t h  
t h e  p r o c e s s i n g  o f  t h e  d a t a  a n d  r e s u l t s  b y  w h i c h  t h e  c r y s t a l l o g r a p h i c  
e l e m e n t s  o f  t h e  t w i n  m o d e  a r e  d e t e r m i n e d .
t h e  i r r a t i o n a l  h a b i t  p l a n e * w h i c h  i s  t h e  c o m p o s i t i o n
T h e  e l e m e n t s  o f  a n y  t w i n  m o d e  a r e  K2 t r)^ , r)2 a n d  g »  T o  
d e t e r m i n e  a  m o d e  u n i q u e l y ,  e i t h e r  a n d  o r  k g  a n d  ^  e l s e  g  
a n d  a n y  tw o  o f  t h e  r e m a i n i n g  f o u r  e l e m e n t s  m u s t  b e  d e t e r m i n e d .  T h e
t w o  m o s t  d i r e c t  m e t h o d s  a r e  a s  f o l l o w s :
( i )  X - r a y  d i f f r a c t i o n  d a t a  f r o m  t w i n  a n d  p a r e n t  m a t e r i a l  
c a n  b e  u s e d  t o  f i n d  t h e  o r i e n t a t i o n  r e l a t i o n s h i p .
T h i s  g i v e s  o r  f o r  T y p e  X a n d  T y p e  I I  m o d e s  
r e s p e c t i v e l y .  I t  i s  n e c e s s a r y  t o  s u p p l e m e n t
t h i s  w i t h  a  m o r p h o l o g i c a l  s t u d y  t o  f i n d  w h i c h  s h e a r  
i s  r e s p o n s i b l e  f o r  t h e  t w i n  o r i e n t a t i o n .
( i i )  A t w o  s u r f a c e  a n a l y s i s  i n v o l v i n g  m e a s u r e m e n t s  o f  
s u r f a c e  t r a c e s  a n d  t i l t s  o r  s u r f a c e  s h e a r ,  t o g e t h e r  
W it h  t h e  p a r e n t  o r i e n t a t i o n  d e t e r m i n e d  f r o m  X - r a y  
d i f f r a c t i o n *
M e th o d  ( i )  w a s  a t t e m p t e d  b u t  n o  t w i n  r e f l e c t i o n s  c o u l d  b e  
i d e n t i f i e d *  I t  w a s  f o u n d ,  h o w e v e r ,  t h a t  t w i n n i n g  p r o m o t e s  r e c r y s t a l ­
l i s a t i o n  b e l o w  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  s p e c i m e n s  w e r e  m a i n t a i n e d  
d u r i n g  t h e  X - r a y  e x p o s u r e *  F o r  t h i s  r e a s o n , t h e  t w i n  m a t e r i a l  w a s  
p r o b a b l y  e l i m i n a t e d  b e f o r e  t h e  e x p o s u r e  w a s  t a k e n *  T h i s  r e c r y s t a l l i ­
s a t i o n  p h e n o m e n o n  i s  d e s c r i b e d  i n  A p p e n d ix  I I I *  X - r a y  r e f l e c t i o n s  
f r o m  t w i n  m a t e r i a l  o f t e n  h a v e  a  l a r g e  a m o u n t  o f  a s t e r i s m .  T h i s  w o u ld  
m a k e  t h e  o r i e n t a t i o n  o f  t w i n  m a t e r i a l  d i f f i c u l t ,  e v e n  i f  i t  c o u l d  b e  
h e l d  a t  a s  s u f f i c i e n t l y  l o w  t e m p e r a t u r e  t o  s t o p  r e c r y s t a l l i s a t i o n *
T h u s  i t  w a s  d e c i d e d  t o  u s e  m e t h o d  ( i i )  t o  d e t e r m i n e  t h e  e l e m e n t s  
a n d  g .
2 * 2  E x p e r i m e n t a l  A p p a r a t u s  a n d  M e t h o d s
2 . 2*1  C r y s t a l  G r o w th
S p e c i m e n s  u s e d  i n  e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  c h a p t e r  w e r e
g r o w n  b y  t h e  m e t h o d  d e s c r i b e d  h e r e *  I n  S e c t i o n  3 *2 im p r o v e d  t e c h ­
n i q u e s  a r e  d e s c r i b e d ,  b y  w h i c h  s p e c i m e n s  w i t h  s m o o t h e r  s c r a t c h - f r e e  
s u r f a c e s  w e r e  g r o w n *
T h e  m a t e r i a l  w a s  s i n g l y  d i s t i l l e d  m e r c u r y  h a v i n g  a  t o t a l  
i m p u r i t y  c o n t e n t  o f  l e s s  t h a n  t h r e e  p a r t s  p e r  m i l l i o n .  T h e  a n a l y s i s  
w a s  c a r r i e d  o u t  b y  J o h n s o n  a n d  M a t t h e y .  I n  o r d e r  t o  e l i m i n a t e  d u s t  
a n d  o t h e r  s u r f a c e  f i l m ,  t h e  m e r c u r y  w a s  s t o r e d  u n d e r  e t h y l  a l c o h o l .
T h i s  w a s  p a r t i c u l a r l y  i m p o r t a n t ,  s i n c e  a s - g r o w n  s u r f a c e s  w e r e  u s e d  
f o r  t h e  tw o  s u r f a c e  a n a l y s i s *
T h e  m o u ld  w a s  P y r e x  g l a s s  o f  6 mm. s q u a r e  i n t e r n a l  c r o s s -  
s e c t i o n  a n d  p r e c i s i o n  b o r e .  E v e n  s o ,  s l i g h t  i r r e g u l a r i t i e s  c a u s e d  
s c r a t c h e s  w h e n  t h e  c r y s t a l  w a s  r e m o v e d  f r o m  t h e  m o u l d .  T h e s e  m o u ld s  
w e r e  w a s h e d  i n  h o t  d e t e r g e n t  s o l u t i o n  a n d  h o t  fu m ir ig  n i t r i c  a c i d  a n d  
t h e n  s t o r e d  u n d e r  e t h y l  a l c o h o l .  A r u b b e r  s t o p p e r  w a s  u s e d  t o  p l u g  
o n e  e n d  o f  t h e  t u b e .  T h e  m o u ld  w a s  f i l l e d  w i t h  e t h y l  a l c o h o l  b e f o r e  
p o u r i n g  i n  t h e  m e r c u r y  s o  t h a t  t h e  m e r c u r y  w o u ld  n o t  a d h e r e  t o  t h e  
g l a s s  w h e n  i t  s o l i d i f i e d *  C r y s t a l s  w e r e  g r o w n  b y  a  m o d i f i e d  B r id g m a n  
t e c h n i q u e  s i m i l a r  t o  t h a t  d e s c r i b e d  b y  R i d e r  a n d  H e c k s c h e r  ( 1 9 6 6 )  i n  
w h i c h  t h e  m o u ld  c o n t a i n i n g  m e r c u r y  i s  l o w e r e d  i n t o  l i q u i d  a i r .  T h e  
i n i t i a l  r a t e  o f  g r o w t h  o f  t h e  c r y s t a l  w a s  g r e a t e r  t h a n  t h e  r a t e  o f  
l o w e r i n g *  H o w e v e r ,  t h i s  h a d  n o  e f f e c t  o n  t h e  q u a l i t y  o f  t h e  c r y s t a l  a s  
r e v e a l e d  b y  X - r a y  d i f f r a c t i o n .  T h e  l o w e r i n g  r a t e  o f  t h e  m o u ld  w a s
3 .5  mm p e r  m i n u t e *
2 . 2 . 2  O r i e n t a t i o n
C r y s t a l s  w e r e  o r i e n t e d  b y  t h e  L a n e  X - r a y  b a c k - r e f l e e t i o n  
t e c h n i q u e .  T h e  s p e c i m e n  t o  f i l m  d i s t a n c e  w a s  3  cm . A s e c t i o n a l  
v i e w  o f  t h e  X - r a y  c a m e r a  i s  s h o w n  i n  F i g .  5 * 1 *  TA© s p e c i m e n  t o  f i l m
d i s t a n c e  can  b e  a d j u s t e d ;  i n  a d d i t i o n ,  c y l i n d e r  A h o l d i n g  t h e  s p e c i m e n  
c a n  r o t a t e  a n d  s l i d e  i n  t h e  b l o c k  B. T h e  s p e c i m e n  i s  m a i n t a i n e d  a t  
a b o u t  - 7 0 ° C  b y  c o n d u c t i o n  t h r o u g h  t h e  c o p p e r  r o d  C w h i c h  d i p s  i n t o  
l i q u i d  a i r .  T r a n s l a t i o n s  o f  t h e  s p e c i m e n  i n  a n y  d i r e c t i o n ,  a n d  a l s o  
r o t a t i o n  a b o u t  t h e  s p e c i m e n  a x i s  a r e  p o s s i b l e  w i t h  t h i s  m o u n t i n g  
a r r a n g e m e n t * i  I n  p r a c t i c e ,  o n l y  t h e  a l i g n m e n t  o f  t h e  b r a s s  c y l i n d e r  A  
i s  n e c e s s a r y  a f t e r  t h e  a s s e m b l y  h a s  b e e n  c o o l e d *  T h e  c o r r e c t  s e t t i n g  
o f  t h i s  c y l i n d e r  r e l a t i v e  t o  t h e  X - r a y  b e a m  i s  f a c i l i t a t e d  b y  a  g r o o v e  
a l o n g  t h e  l e n g t h  o f  t h e  c y l i n d e r  w h i c h ,w h e n  a l i g n e d  w i t h  t h e  e d g e  o f  
t h e  b l o c k  B , s e t s  t h e  f a c e  o f  h e  s p e c i m e n  n o r m a l  t o  t h e  b e a m . T h e  p a r t  
o f  t h e  s p e c i m e n  s e l e c t e d  f o r  X - r a y  o r i e n t a t i o n  c a n  t h e n  b e  b r o u g h t  
i n t o  t h e  b e a m  b y  s l i d i n g  t h e  c y l i n d e r  i n  t h e  b l o c k .
T h e  X - r a y  s o u r c e  i s  a  ' M a t c h l e t t *  s e a l e d  t u b e  w i t h  a  c o p p e r
t a r g e t .  T h i s  w a s  o p e r a t e d  a t  36 k V  a n d  1 5  mA. T h e  d i a m e t e r  o f  t h e  
c o l l i m a t o r  i n  t h e  b a c k  r e f l e c t i o n  c a m e r a  w a s  0 . 9  mm A n e x p o s u r e  
t i m e  o f  o n e  h o w r ,  g a v e  a  s u f f i c i e n t  n u m b e r  o f  s p o t s  t o  o r i e n t  t h e  
p a t t e r n .  Two p o i n t e r s  o n  t h e  b r a s s  f r a m e  o f  t h e  f i l m  h o l d e r  p r o d u c e d  
s h a d o w s  o n  t h e  f i l m  d u e  t o  t h e  s c a t t e r e d  r a d i a t i o n .  T h e s e  w e r e  u s e d  
t o  g i v e  a  v e r t i c a l  r e f e r e n c e  l i n e  i n  o r i e n t i n g  t h e  p a t t e r n .
T h e  d i f f r a c t i o n  p a t t e r n s  w e r e  o r i e n t e d  u s i n g  a  t a b l e  o f  
a n g l e s  c o m p u t e d  b y  B a c o n  ( 1963 ) .
2 . 2 . 3  D e f o r m a t i o n  a n d  M e a s u r e m e n t s
S p e c i m e n s  w e r e  p l a c e d  i n  a  b r a s s  j i g  a n d  d e f o r m e d  i n  com ­
p r e s s i o n  a t  l i q u i d  a i r  t e m p e r a t u r e  b y  i m p a c t i n g  t h r o u g h  a  r o d  p l a c e d  
i n  c o n t a c t  w i t h  t h e  e n d  o f  t h e  s p e c i m e n .  T h i s  r e s u l t e d  i n  t h e  
f o r m a t i o n  o f  d e f o r m a t i o n  t v / i n s  a n d  s l i p .  A n e x a m p l e  o f  t w i n s  o n  tw o  
a d j a c e n t  f a c e s  o f  o n e  o f  t h e s e  c r y s t a l s  i s  s h o w n  i n  F i g .  2 . 2 .
M e t a l l o g r a p h i c  e x a m i n a t i o n  w a s  c a r r i e d  o u t  o n  tw o  a d j a c e n t  
f a c e s  o f  e a c h  c r y s t a l *  T h e  s p e c i m e n  w a s  m a i n t a i n e d  a t  a  t e m p e r a t u r e  
b e t w e e n  - 5 0 ° C  a n d  - 1 0 0 ° C i n  a n  a l c o h o l  b a t h  w h i l e  b e i n g  e x a m i n e d .  
H e a v i l y  d e f o r m e d  r e g i o n s  r e c r y s t a l l i s e d  b e l o w  t h e s e  t e m p e r a t u r e s ,  b u t  
t h i s  d i d  n o t  i n f l u e n c e  t h e  m o r p h o l o g i c a l  f e a t u r e s  b e i n g  e x a m i n e d .
T h e  d i r e c t i o n s  o f  t h e  t w i n  t r a c e s  r e l a t i v e  t o  t h e  s p e c i m e n  
a x i s  w e r e  d e t e r m i n e d  u s i n g  a  g o n i o m e t e r  e y e p i e c e  o n  a  m e t a l l u r g i c a l  
m i c r o s c o p e .
T h e  s u r f a c e  t i l t s  a s s o c i a t e d  w i t h  t h e  t w i n s  w e r e  m e a s u r e d
u s i n g  a n  o i r t i c a l  g o n i o m e t e r .  T h i s  w a s  a d a p t e d  f r o m  a  s t u d e n t  
s p e c t r o m e t e r  a n d  w a s  s p e c i a l l y  d e s i g n e d  f o r  e x a m i n i n g  s m a l l  r e f l e c t i n g  
s u r f a c e s , s u c h  a s  t w i n s  a t  l o w  t e m p e r a t u r e s .  T h i s  g o n i o m e t e r  i s  
s h o w n  s c h e m a t i c a l l y  i n  F i g *  2 * 3 *  T h e  s p e c t r o m e t e r  w a s  m o u n t e d  w i t h  
t h e  a x i s  o f  r o t a t i o n  o f  t h e  t e l e s c o p e  h o r i z o n t a l .  T h e  p r i s m  t a b l e  
w a s  r e p l a c e d  b y  a  c o p p e r  b a t h  w h i c h  c o u l d  b e  m o v e d  v e r t i c a l l y  a n d  
r o t a t e d  a b o u t  t h e  a x i s  X . T h e  s p e c i m e n  w a s  m o u n t e d  i n  a  p l a s t i c  
h o l d e r  w h i c h  f i t t e d  i n t o  t h i s  b a t h .  B o t h  s p e c i m e n  a n d  h o l d e r  w e r e  
c o v e r e d  w i t h  e t h y l  a l c o h o l ,  t o  p r e v e n t  f r o s t  f r o m  f o r m i n g .  T h e  
s p e c i m e n  w a s  c o o l e d  b y  t h e r m a l  c o n t a c t  w i t h  a  c o p p e r  r o d  s o l d e r e d  t o  
t h e  b a t h  a n d  d i p p i n g  i n t o  l i q u i d  a i r *  T h e  b a t h  c o u l d  b e  r o t a t e d  
a b o u t  t h e  a x i s  o f  t h i s  r o d .  T h e  t e l e s c o p e  w a s  r e p l a c e d  b y  a  m i c r o ­
s c o p e  w i t h  a  l o w  p o w e r  o b j e c t i v e ,  w i t h  w h i c h  t h e  s u r f a c e  o f  t h e  
s p e c i m e n  c o u l d  b e  v i e w e d *  T h e  t w i n  t r a c e  u n d e r  o b s e r v a t i o n  w a s  
a l i g n e d  a l o n g  X a n d  r o t a t e d  a b o u t  t h i s  a x i s .  T h e  s u r f a c e  t i l t  
a s s o c i a t e d  w i t h  t h e  t w i n  i s  t h e n  t h e  a n g u l a r  d i f f e r e n c e  b e t w e e n  s t r o n g  
p a r e n t  a n d  t w i n  r e f l e c t i o n s .
M e a s u r e m e n t s  w e r e  f a c i l i t a t e d  b y  r e d u c i n g  t h e  a c c e p t a n c e  
a n g l e  o f  t h e  m i c r o s c o p e  b y  p l a c i n g  a  s l i t ,  p a r a l l e l  t o  X , i n  f r o n t
o f  t h e  o b j e c t i v e .  F o r  t h e  t w i n s  e x a m in e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n
1 o .
t h e  o p t im u m  v a l u e  o f  t h i s  a n g l e  w a s  f o u n d  t o  b e  a b o u t  l-g- a n d  t i l t  
m e a s u r e m e n t s  w e r e  f o u n d  t o  b e  c o n s i s t e n t  t o  w i t h i n  1 °  t o  2° .  T i l t s  
w e r e  m e a s u r e d  i n  t h e  r a n g e  3°  t o  250 .
2 . 3  R e s u l t s
2 . 3 . I  G e n e r a l  F e a t u r e s
T h e  d e f o r m e d  c r y s t a l s  s h o w e d  t h e  f o l l o w i n g  g e n e r a l  m o r p h o l o ­
g i c a l  f e a t u r e s .  S l i p  o n  o n e  o r  m o r e  c r y s t a l l o g r a p h i c  p l a n e s  o c c u r r e d  
i n  a l l  s p e c i m e n s ,  h a v i n g  t h e  c h a r a c t e r i s t i c s  r e p o r t e d  p r e v i o u s l y  
C r o c k e r  e t  a l  ( 1963) R i d e r  a n d  H e c k s c h e r  ( 1966) .  I n  a d d i t i o n ,  
d e f o r m a t i o n  t w i n n i n g  o c c u r r e d  i n  m o s t  o f  t h e  s p e c i m e n s ,  a n  e x a m p le  
b e i n g  s h o w n  i n  F i g .  2 . 2 ,  w h i c h  i s  a  c o m p o s i t e  m i c r o g r a p h  o f  t w o  a d j a ­
c e n t  f a c e s  o f  a  c r y s t a l .  T h e  m axim um  w i d t h  o f  i n d i v i d u a l  t w i n s  
v a r i e d  f r o m  b e t w e e n  4 0  pm a n d  500 pm* t h e  l a r g e r  t w i n s  o f t e n  e x t e n d e d  
t h r o u g h  t h e  w h o l e  c r o s s - s e c t i o n  o f  t h e  s p e c i m e n .  S om e c r y s t a l s  h a d  
t w o  o r  t h r e e  t w i n  v a r i a n t s  p r e s e n t  o n  e a c h  f a c e  b u t  t h e s e  t e n d e d  t o  b e  
s m a l l  a n d  c o u l d  r a r e l y - b e  f o l l o w e d  f r o m  f a c e  t o  f a c e .  O c c a s i o n a l l y  
t w o  t w i n  v a r i a n t s  i n t e r s e c t e d  a t  a  s p e c i m e n  c o r n e r ,  s u g g e s t i n g  a  l o c a l ­
i s e d  s t r e s s  c o n c e n t r a t i o n .  A c c o m m o d a t io n  e f f e c t s  a t  t w i n  i n t e r s e c t i o n s  
a n d  c r o s s - t v / i n n i n g , w h i c h  h a v e  b e e n  r e p o r t e d  e a r l i e r  C r o c k e r  e t  a l  
( 1966) o n  f l a t  s p e c i m e n s  w e r e  a l s o  o b s e r v e d  a n d  w i l l  b e  d e s c r i b e d  i n  
C h a p t e r  I V .
2 . 3 * 2  D e t e r m i n a t i o n  o f  S h e a r  E l e m e n t s
E i g h t  c r y s t a l s  w e r e  c h o s e n  f o r  d e t a i l e d  e x a m i n a t i o n .  T h e s e  
a l l  c o n t a i n e d  o n e  o r  m o r e  t w i n  v a r i a n t s ,  c l e a r l y  v i s i b l e  o n  a t  l e a s t  
t w o  a d j a c e n t  f a c e s ,  a n d  l a r g e  e n o u g h  t o  f a c i l i t a t e  a c c u r a t e  g o n i o m e t r y .
4 2 .
A c r y s t a l  c o n t a i n i n g  o n e  s u c h  t w i n  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g .
2 . 4 ;  w e  s h a l l  c o n s i d e r  t h e  t w i n  t r a c e s  o n  f a c e s  I  a n d  I I .  T h e  g e o m e t r y
o f  t h i s  s p e c i m e n  i s  d e t e r m i n e d  b y  t h e  o r t h o n o r m a l  s p e c i m e n  b a s i s
s  s 0 s _  w h e r e  s  a n d  s .  a r e  p e r p e n d i c u l a r  t o  t h e  f a c e s  I  a n d  I I■* 1 —2 -3  - I  -2
r e s p e c t i v e l y  a n d  s  i s  p a r a l l e l  t o  t h e  s p e c i m e n  a x i s .  T h e  o r i e n t a t i o n  
o f  t h e  n o r m a l  t o  t h e  t w i n n i n g  p l a n e  m i s  n o w  f i x e d  r e l a t i v e  t o  t h e  
s p e c i m e n  b a s i s  b y  t h e  a n g l e s  a n d  a 2 m a d e  b y  t h e  t w i n  t r a c e s  o n  I  a n d  
I I ,  w i t h  t h e  s p e c i m e n  a x i s .  T h e  t w i n n i n g  d i r e c t i o n  I s  a n d  t w i n n i n g  
s h e a r  g  a r c ,  t h e n  s p e c i f i e d  b y  a n d  a n d  t h e  s u r f a c e  t i l t s a n d  ^
o n  f a c e s  I  a n d  I I  r e s p e c t i v e l y .  A n a l y t i c a l  e x p r e s s i o n s  f o r  t h e s e
q u a n t i t i e s  a r e  d e r i v e d  i n  A p p e n d i x  I .  T h e s e  a r e
m «  ( c o t  a ,- ,, c o t  a ^ ,  1 ) ( 2 . 1 )
s  s  s  s  r
1  «  j J L ^ l g j l ^  J  ~  L<x>'fcoc1 ~ c o s e c  a 2c o t ' T ’2 , c o t a 2 ~ c o s e c  , c o t  ^ ,
«  1 ® c o t  a Q -  1 2 c o t o j  ( 2 . 2 )
g 2 «  { 1 + c o t 2 a 1 + c o t 2 a 2 ) { l . S .  JLS ) (  1® 1® )  ( 2 . 3 )
3  3
I n  o r d e r  t o  t r a n s f o r m  t h e  v e c o t r s  ni a n d  JL t o  M i l l e r  i n d i c e s ,
t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t h e  s p e c i m e n  h a s  t o  b e  s p e c i f i e d .
A s  d e s c r i b e d  i n  A p p e n d i x  I ,  t h i s  m ay  b e  g i v e n  a s  a  3  x  3  r o t a t i o n
s  s
m a t r i x  R . T h i s  t r a n s f o r m s  t h e  v e c t o r s  1  a n d  m f r o m  t h e  s p e c i m e n  
b a s i s  t o  a n  o r t h o g o n a l  c r y s t a l l o g r a p h i c  s o t  o f  a x e s .  T h e s e  a r e  c h o s e n  
a f t e r  N y e  ( 1 9 5 7 )  b e  p a r a l l e l  t o  C l  I  o L ,  C l  1  a j  „  a n d  C l  1  l j  ,
X X X y
w h e r e  t h e  s u b s c r i p t  f  d e n o t e s  f a c e  c e n t r e d  r h o m b o h e d r a l  i n d i c e s ,  f . c . r .
T h e  v e c t o r s  r e l a t i v e  t o  t h e  new  b a s is  a r e  g iv e n  b y
R 1
s
o  „  s  in ss R m
( 2 . 4 )
( 2 . 5 )
I t  i s  n o w  n e c e s s a r y  t o  e x p r e s s  t h e s e  v e c t o r s  i n  t e r m s  o f  
M i l l e r  i n d i c e s  o f  t h e  f . c . r .  l a t t i c e .  T h i s  i s  d o n e  i n  tw o  s t a g e s  ( i )  
o b t a i n  M i l l e r  i n d i c e s  r e f e r r e d  t o  t h e  o r t h o r h o r a b i c  b a s i s  f t  1  o l f , 
f t  i  €1  f .  f t i f i  ( i i )  t r a n s f o r m  t h e s e  i n d i c e s  f r o m  t h e  o r t h o r h o m i c  
t o  t h e  f . c . r .  b a s i s .
( i )  A d i a g o n a l  m a t r i x  A i s  u s e d  t o  c o n v e r t  v e c t o r s  t o  M i l l e r
i n d i c e s  r e f e r r e d  t o  t h e  p r i m i t i v e  l a t t i c e  v e c t o r s
a &  I  c Q ,  } [ l l 5 )  a n d  | l  1  1^  * T h e  n o n  z e r o
e l e m e n t s ,  a  , a  a n d  a  a r e  t h e  r e c i p r o c a l  l e n g t h s  
XX J J
o f  t h e s e  v e c t o r s  a n d  a r e  g i v e n  b y  
a i i  =
a2S = 2/ 3 ( l "c )
a33 = V a d + a c )
w h e r e  c  i s  t h e  c o s i n e  o f  t h e  r h o m b o h e d r a l  a n g l e
T h e n  M  “  A -  o  ( 2 . 6 )
o
w h e re  i  - 1 , 2 , 3
S i m i l a r l y  ( m .  j i s  r e f e r r e d  t o  t h e  r e c i p r o c a l  l a t t i c e  a n d  
o
i s  g i v e n  b y
( , n . ) o  =  mo  A" 1  ( 2 . 7 )
( i i )  T h e  f o l l o w i n g  t r a n s f o r m a t i o n s  a r e  u s e d  t o  c o n v e r t  
t h e  i n d i c e s  t o  f * c « r .
[ l - J  - Bfl/J ( 2 . 8 )
( m j  = ( m . )  B
w h e r e  B =
o
1 1 2  
1 1 2  
0  2 2
( 2 . 9 )
a n d
3 3 0  
1 1 2  
1 1 1
T h u s ,  u s i n g  e q u a t i o n s  ( 2 * 1 )  a n d  ( 2 , 2 )  t o  o b t a i n  I s  a n d  mS a n d  t h e n ,  
u s i n g  e q u a t i o n  ( 2 * 4 )  t o  ( 2 f 9 )  w e  m a y  o b t a i n  t h e  t w o  t h i n n i n g  e l e m e n t s
s  s
w h e r e  1 a n d  in a r e  w r i t t e n  a s  c o lu m n  a n d  r o w  v e c t o r s  r e s p e c t i v e l y *
T h e  W i n n i n g  s h e a r  g  i s  g i v e n  b y  e q u a t i o n  ( 2 . 3 ) *
T h e  o r i e n t a t i o n s o f  t h e  s e v e n  c r y s t a l s  t o  b e  d e s c r i b e d  a r e  
s h o w n  o n  a  s t a n d a r d  1 1 1  p r o j e c t i o n  o f  m e r c u r y  i n  F i g *  2 . 5 .  F o r  e a c h  
c r y s t a l  t h e  a x e s  a n d  s ^  h a v e  b e e n  c h o s e n  s u c h  t h a t  a l l  t h e
p o l e s  o f  s p e c i m e n  s u r f a c e s  r e p r e s e n t  p o s i t i v e  d i r e c t i o n s ,  i n  a d d i t i o n  
t h e  S g  a x e s  a r e  a l l  l o c a t e d  i n  o n e  u n i t  t r i a n g l e *  T h e  f i g u r e  c l e a r l y  
i n d i c a t e s  t h a t  a  w i d e  r a n g e  o f  o r i e n t a t i o n s  w a s  u s e d *  T h e s e  o r i e n t a ­
t i o n s  a r e  g i v e n  m o r e  a c c u r a t e l y  i n  T a b l e  2 * 1  w h e r e  t h e  m a t r i c e s  R a r e  
q u o t e d  i n  e a c h  c a s e *  T a b l e  2 * 2  c o n t a i n s  t h e  m e a s u r e d  a n g l e s  a n d
f o r  t h e  t e n  t w i n s  e x a m i n e d ,  t w o  t w i n s  b e i n g  u s e d  i n  e a c h  o f  s p e c i m e n s
1 ,  5 a n d  6 .  I n  T a b l e  2 * 3  t h e  t w o  a n g l e s ' T  a n d * tQ  a r e  g i v e n  f o r  t h e
X £4
t h r e e  t w i n s  e x a m in e d  u s i n g  t h e  o p t i c a l  g o n i o m e t e r  d e s c r i b e d  i n  S e c t i o n  
2 . 2 ,  T h e  o r i e n t a t i o n  o f  c r y s t a l  8  w a s  n o t  o b t a i n e d ,  t h u s  o n l y  g  c o u l d  
b e  c a l c u l a t e d  i n  t h i s  c a s e *
T h e  d a t a  o f  T a b l e s  2 . 1  « 2 * 3  i s  u s e d  w i t h  e q u a t i o n s  ( 2 . 1 )  t o
( 2 * 9 )  t o  o b t a i n  t h e  e l e m e n t s  lc ^ , a n d  g  r e s u l t s  p r e s e n t e d  i n  T a b l e s
2 , 2  a n d  2 . 3 .  I n  t h e s e  t a b l e s  t h e  v e c t o r s  (m . ] a n d  £ l « l  d e f i n i n g
f  1  f
k ^  a n d  t)^ h a v e  b e e n  n o r m a l i s e d *  T h u s  i n  t e r m s  o f  t h e  c o s i n e  o f  
t h e  a x i a l  a n g l e  o f  t h e  f * c # r .  c e l l ,  c  ( =  - O i l 4 5 4 )  w e  h a v e
c Q m j 2 *  raa 3 +  "fe2 ) ' 2c ’ ( rai ma  + m2m3 + ra3mi )  J  “  1  ( 2 . 10 )
i U  122+ l3*)+ 20 ( h h  + lax 3  + y J J  = 1 <2-“ )
2 - 1  - 1
w h e r e  C =  ( l + c )  ( l + c  -  2 c  ) c r = - c ( l + c )
T h e  r e s u l t i n g  c o m p o n e n t s  ra_ I a n d  C 2 L  1 J  a*'© d i r e c t i o n  c o s i n e s
f  1 f
r e l a t i v e  t o  t h e  d i r e c t  a n d  r e c i p r o c a l  l a t t i c e  b a s e s  r e s p e c t i v e l y  a n d  
p r o v i d e  a  c o n v e n i e n t  m e a n s  o f  p l o t t i n g  t h e  p o l e s  o f  t h e  |<^ p l a n e s  a n d  
d i r e c t i o n s  o n  a  s t e r e o g r a m .  T h i s  h a s  b e e n  d o n e  i n  p r e p a r i n g  F i g .
2%6 ( i )  a n d  ( i i )  w h i c h  s h o w s  t h e  e x p e r i m e n t a l  p o l e s  p l o t t e d  o n  e n l a r g e d  
r e g i o n s  o f  t h e  s t a n d a r d  u n i t  t r i a n g l e .  A l s o  s h o w n  i n  T a b l e s  2 . 2  a n d
2 . 3  a r e  t h e  d e v i a t i o n s  *£-^ .1 a n d  o f  t h e s e  e x p e r i m e n t a l l y  d e t e r ­
m in e d  t w i n n i n g  e l e m e n t s  f r o m  t h e  t h e o r e t i c a l l y  p r e d i c t e d  e l e m e n t s  o f  
t h e  » {  I  3  5 )  ' m o d e ,  C r o c k e r  e t  a l  ( 1 9 6 6 ) ,  w h i c h  a r e  d i s c u s s e d  i n  
C h a p t e r  I «  I n  t e r m s  o f  t h e  p a r a m e t e r  c  t h e  p l a n e  o f  t h i s  m o d e  i s  
( —1 —5 c ,  ” 1  —c ,  1  — 3 c ) 9
T h e  r e s u l t s  p r e s e n t e d  i n  T a b l e s  2 . 2  a n d  2 . 3  w e r e  o b t a i n e d  
n u m e r i c a l l y  a n d  a r e  t h u s  a s  a c c u r a t e  a s  t h e  e x p e r i m e n t a l  m e a s u r e m e n t s  
a l l o w *  H o w e v e r ,  i n  p r a c t i c e  i t  i s  o f t e n  s u f f i c i e n t  a n d  m o r e  c o n v e ­
n i e n t  t o  p e r f o r m  t h i s  t y p e  o f  a n a l y s i s  o n  a  s t e r e o g r a p h i c  n e t .  T h u s ,  
i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  s t e r e o g r a p h i c  p r o c e d u r e  g i v e n  i n  
A p p e n d i x  I I  w a s  a l s o  u s e d  t o  d e t e r m i n e  e x p e r i m e n t a l  v a l u e s  f o r  ify  
a n d  g .  T h e  r e s u l t i n g  s h e a r  e l e m e n t s  a r e  o f  c o u r s e  i n a c c u r a t e  com ­
p a r e d  w i t h  t h e  a l g e b r a i c  v a l u e s ,  d u e  t o  t h e  e r r o r s  i n h e r e n t  i n  m a n ip u ­
l a t i o n s  o n  a  s t e r e o g r a p h i c  n e t .
T h e  d e v i a t i o n s  o f  t h e s e  r e s u l t s  f r o m  t h o s e  g i v e n  i n  T a b l e s
2 . 2  a n d  2.3  a r e  s i g n i f i c a n t  a s  t h e y  i n d i c a t e  t h e  e r r o r  i n v o l v e d  i n  t h e  
s t e r e o g r a p h i c  p r o c e d u r e .  I n  t h e  p r e s e n t  c a s e ,  a  3 0  c m . d i a m e t e r  n e t
w a s  u s e d  a n d  t h e  e r r o r s  i n  Tfy a n d  g  a r e  g i v e n  i n  T a b l e s  2  a n d  3
b y  5 ^ ,  6 ^  a n d  0 ^  r e s p e c t i v e l y .
2 . 3 .3  S c h m id t  F a c t o r s
T h e  r e s u l t s  p r e s e n t e d  i n  T a b le s  2 . 2  a n d  2 . 3  a n d  F i g .  2 W6
p r o v i d e  d i r e c t  e x p e r i m e n t a l  e v i d e n c e  t h a t  t h e  o p e r a t i v e  d e f o r m a t i o n  
t v / i n n i n g  p l a n e ,  d i r e c t i o n  a n d  s h e a r  s t r a i n  o f  c r y s t a l l i n e  m e r c u r y  
l i e  v e r y  n e a r  ' [ l  3  5 J ‘C l  2 l ^ a n d  O.633 r e s p e c t i v e l y #  T h e s e  
a r e  t h e  a n d  g  e l e m e n t s  o f  t h e  t v / i n n i n g  m o d e  p r e d i c t e d  p r e v i o u s l y
C r o c k e r  e t  a l  ( 1966) .  I f  t h i s  m o d e  i s  c o r e c t ,  t h e  v a r i a n t  w h i c h  
o c c u r s  i n  p r a c t i c e  s h o u l d  h a v e  a  r e l a t i v e l y  h i g h  r e s o l v e d  s h e a r  s t r e s s #  
T h i s  i s  c o n v e n i e n t l y  i n d i c a t e d  b y  m e a n s  o f  t h e  S c h m id t  f a c t o r  S ,  w h i c h  
i n  t e r m s  o f  t h e  t r a n s f o r m a t i o n  m a t r i x  R i s  g i v e n  b y
S  =  U f l  R_ 1  a - 1  B " 1 l } { m  B A R s  }  ( 2 . 1 2 )
T — —
H e r e  s rt a n d  s _  a r e  t h e  c o lu m n  a n d  r o w  v e c t o r s  Ip O lJ  a n d  ( 0 0 1 )  —3 — 3
r e s p e c t i v e l y #  T h e  u n i t  c o lu m n  v e c t o r  j? a n d  t h e  u n i t  r o w  v e c t o r  rn, 
d e f i n e  t h e  t w i n n i n g  p l a n e  a n d  d i r e c t i o n  i n  t h e  d i r e c t  f . c . r #  b a s i s  a n d  
i t s  r e c i p r o c a l  r e s p e c t i v e l y .
U s i n g  ( 2 . 1 0 )  a n d  ( 2 . 1 1 )  w e  o b t a i n  t h e  n o r m a l i s e d  v e c t o r s
1  =  <.7974  -.3987  .3987 ? >
m £.9046  - . 1720  - . 5383 ]
T h e  S c h m id t  f a c t o r s  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 2 . 1 2 )  f o r  t h e
s i x  c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t  v a r i a n t s  o f  t h e  1 > 1 3  5  7  2— \
s h e a r  s y s t e m  f o r  e a c h  o f  t h e  s e v e n  c r y s t a l s  e x a m in e d  a r e  g i v e n  i n  
T a b l e  2 . 4 .  A s  t w i n n i n g  i s  a  u n i d i r e c t i o n a l  s h e a r  p r o c e s s ,  t h e  s i g n  
o f  t h e  S c h m id t  f a c t o r s  i s  s i g n i f i c a n t  a n d  f o r  t h e  p r e s e n t  c o m p r e s s i o n  
t e s t s ,  o n l y  t w i n s  w i t h  n e g a t i v e  v a l u e s  s h o u l d  o c c u r .  E x a m i n a t i o n  o f  
T a b l e  2 . 4  n o w  i n d i c a t e s  t h a t  f o r  e a c h  c r y s t a l ,  t w o  o r  t h r e e  t w i n s  h a v e
f a v o u r a b l e  S c h m id t  f a c t o r s  a n d  i n  e a c h  c a s e ,  o n e  o f  t h e s e ,  i n d i c a t e d  
b y  d o u b l e  u n d e r l i n i n g ,  i s  i n  f a c t  t h e  p r e d o m i n a n t  o p e r a t i v e  in o d e .
I n d e e d ,  f o r  s i x  o f  t h e  s e v e n  c r y s t a l s ,  t h e  p r e d o m i n a n t  t w i n  i s  t h e  o n e  
w i t h  t h e  l a r g e s t  n e g a t i v e  f a c t o r .  T h i s  r e s u l t  t h e r e f o r e  p r o v i d e s  
s t r i k i n g  a d d i t i o n a l  v e r i f i c a t i o n  o f  t h e  ' £ 1 3 5 } '  t w i n n i n g  m o d e .
F o r  c r y s t a l  1 a l l  s i x  S c h m i d t  f a c t o r s  f o r  t w i n n i n g  a r e  s m a l l ,  i n c l u d i n g  
t h o s e  o f  t h e  two  o p e r a t i v e  'm o d e s . T h i s  a p p a r e n t l y  a n o m a lo u s  r e s u l t  i s  
e x p l a i n e d  b y  t h e  f a c t  t h a t  t h e  S c h m id t  f a c t o r s  f o r  s l i p  o n  t h e  t h r e e  
v a r i a n t s  o f  t h e  { 1  I  1  J  >^1 1 0 ^  s y s t e m ,  w h i c h  i s  n o r m a l l y  o p e r a t i v e  
a t  t h e  t e s t  t e m p e r a t u r e ,  a r e  a l s o  a l l  l e s s  t h a n  0 . 1 ;  s o  t h a t  t h i s  
c r y s t a l  h a s  a  p a r t i c u l a r l y  h a r d  o r i e n t a t i o n .  F o r  t h e  t w o , o t h e r  c r y s t a l s  
w h e r e  tw o  t w i n  v a r i a n t s  w e r e  o b s e r v e d ,  t h e  s e c o n d  t w i n ,  i n d i c a t e d  b y  
s i n g l e  u n d e r l i n i n g  i n  t h e  t a b l e ,  d o e s  n o t  h a v e  a  f a v o u r a b l e  S c h m id t  
f a c t o r .  H o w e v e r ,  i n  e a c h  c a s e ,  t h e  p l a n e  c o n t a i n i n g  a n d  r)^ o f  t h e  
s e c o n d  t w i n  i s  a l m o s t  i d e n t i c a l  w i t h  t h e  c o r r e s p o n d i n g  p l a n e  o f  t h e  
p r e d o m i n a n t  t w i n .  T h i s  s p e c i a l  r e l a t i o n s h i p ,  w h i c h  w i l l  b e  d i s c u s s e d  
i n  d e t a i l  i n  C h a p t e r  IV  p e r m i t s  m u t u a l  a c c o m m o d a t io n  o f  t h e  s t r a i n s  
a s s o c i a t e d  w i t h  t h e  t w i n n i n g  p r o c e s s ,  s o  t h a t  t h e  t w i n s  t e n d  t o  o c c u r  
i n  p a i r s  e v e n , va s  i n  t h e  p r e s e n t  e x a m p l e s ,  w h e r e  t h e  r e s o l v e d  s h e a r  
s t r e s s  o n  t h e  s e c o n d  s y s t e m  i s  u n f a v o u r a b l e .
2 * 4  D i s c u s s i o n
2 . 4 . 1  C o n f i r m a t i o n  o f  T w in  M ode
T h e  r e s u l t s  r e p o r t e d  i n  t h i s  c h a p t e r  h a v e  e s t a b l i s h e d  w i t h o u t  
d o u b t  t h a t  t h e  o p e r a t i v e  d e f o r m a t i o n  t w i n n i n g  m o d e  o f  c r y s t a l l i n e  
m e r c u r y  h a s  e l e m e n t s  g i v e n  b y  • i 1 3 5 1  * { 1 1 1 }
< 1  2  l f e  '< ^ 0  i l ) ' .  T h i s  i s  t h e  m o d e p r e d i c t e d  p r e v i o u s l y ,
C r o c k e r  e t  a l  ( 1966) a n d  s h o w n ,  u s i n g  a  s i n g l e  s u r f a c e  a n a l y s i s  t o  b e  
c o n s i s t e n t  w i t h  o b s e r v e d  t w i n  t r a c e s  o n  a  f l a t  s p e c i m e n .  H o w e v e r ,  
o n l y  b y  c a r r y i n g  o u t  t h e  p r e s e n t  m e a s u r e m e n t s  o n  t w i n s  i n  s i n g l e
c r y s t a l s  o f  s q u a r e  c r o s s - s e c t i o n  c o u l d  t h i s  p r o p o s e d  m o d e  b e  c o n f i r m e d  
u n e q u i v o c a l l y *  T h e  p r e s e n t  w o r k  a l s o  c o n f i r m s  s o m e  o b s e r v a t i o n s  o n  
t w i n s  p r o d u c e d  d u r i n g  t e n s i l e  t e s t s  o n  s i n g l e  c r y s t a l s  o f  c i r c u l a r  
c r o s s - s e c t i o n  c a r r i e d  o u t  b y  K i d e r  a n d  H e c k s c h e r  ( 1 9 6 6 ) *  T h e s e  t e s t s  
w e r e  p r i m a r i l y  c o n c e r n e d  w i t h  a n  i n v e s t i g a t i o n  o f  d e f o r m a t i o n  b y  s l i p ,
a n d  a t  t h e  l o w  s t r a i n  r a t e s  u s e d  o n l y  v e r y  s m a l l  t w i n s  i / e r e  o b s e r v e d *\
T h e  r e l a t i v e l y  l a r g e  t w i n s  d e s c r i b e d  i n  t h i s  c h a p t e r  a n d  a l s o  t h o s e  i n  
f l a t  s p e c i m e n s  r e p o r t e d  p r e v i o u s l y ,  C r o c k e r  e t  a l  ( 1 9 6 6 )  w e r e  a l l  p r o ­
d u c e d  b y  s h o c k  l o a d i n g ,  w h i c h  i n  o t h e r  m e t a l s  e n h a n c e s  d e f o r m a t i o n  
b y  t w i n n i n g  a s  o p p o s e d  t o  s l i p .  T h e  a d d i t i o n a l  i n f o r m a t i o n  p r o v i d e d  
b y  t h e  S c h m i d t  f a c t o r s  p r e s e n t e d  i n  T a b l e  2 . 4  a g a i n  s u p p o r t  t h e  
v a l i d i t y  o f  t h e  ’ { I  3  5  J 1 m o d e .
N o  e x a m p l e s  o f  t w i n s  o n  { p  1  1 $  ,  t h e  h a b i t  p l a n e  o f  t h e  m o d e  
r e p o r t e d  b y  A n d r a d e  a n d  H u t c h i n g s  ( 1 9 3 5 )  h a v e  b e e n  f o u n d *  A l s o  { 1  0  0 
t h e  r e c i p r o c a l  t w i n n i n g  p l a n e  o f  t h i s  m o d e  d o e s  n o t  a p p e a r  t o  b e  
o p e r a t i v e .  H o w e v e r ,  a  f e a t u r e  w i t h  t w i n  l i k e  c h a r a c t e r i s t i c s  o n  
£  1  1  l } ,  t h e  r e c i p r o c a l  t w i n n i n g  p l a n e  o f  t h e  1 J l  3  5  }  f m o d e  h a s  
b e e n  o b s e r v e d  a n d  i s  r e p o r t e d  i n  S e c t i o n  4 . 5 .  T h e  o b s e r v e d  s l i p  
p l a n e  i n  a l l  s p e c i m e n s  d i s c u s s e d  i n  t h i s  c h a p t e r  w a s  J i l l }  i n  
a g r e e m e n t  w i t h  e a r l i e r  r e s u l t s ,  C r o c k e r  e t  a l  ( 1 9 6 3 )  a n d  R i d e r  a n d  
H e c k s c h e r  ( 1 9 6 6 ) .  N o  e v i d e n c e  o f  s l i p  o n  J l  0  0 ^  p l a n e s ,  a s  r e p o r t ­
e d  b y  A n d r a d e  a n d  H u t c h i n g s  ( 1 9 3 5 )  w a s  f o u n d .
2 * ^ * 2  T h e  O p t i c a l  G o n i o m e t e r
T h e  s u c c e s s  o f  t h e s e  e x p e r i m e n t s  d e p e n d e d  c r i t i c a l l y  o n  o u r  
a b i l i t y  t o  g r o w  s i n g l e  c r y s t a l s  o f  s q u a r e  c r o s s - s e c t i o n ,  a s  d e s c r i b e d  
i n  S e c t i o n  2 . 2 ,  a n d  w i t h  s u r f a c e s  o f  a  q u a l i t y  a d e q u a t e  f o r  a c c u r a t e  
;: > c n i o m e t r y «  T h e  s u r f a c e s  w e r e ,  i n d e e d ,  g o o d  e n o u g h  f o r  t h e  a n a l y s i s  
d e s c r i b e d  i n  A p p e n d i x  I  t o  b e  a p p l i e d .  I n  p a r t i c u l a r ,  i n  o r d e r  t o
d e t e r m i n e  t h e  t w i n n i n g  d i r e c t i o n  a n d  s h e a r  s t r a i n  i t  w a s  n e c e s s a r y  t o  
m e a s u r e  t h e  s u r f a c e  t i l t s  a s s o c i a t e d  w i t h  t h e  t w i n s #  T h e  g o n i o m e t e r  
d e s i g n e d  f o r  t h i s  p u r p o s e  h a s  c e r t a i n  s p e c i a l  f e a t u r e s ;  t h u s ,  w h e r e a s  
i n  c o n v e n t i o n a l  o p t i c a l  g o n i o m e t e r s ,  c o l l i m a t e d  l i g h t ,  r e f l e c t e d  f r o m  
t h e  s p e c i m e n  s u r f a c e ,  e n t e r s  a  t e l e s c o p e  a d j u s t e d  n o r m a l l y  s o  t h a t  a n  
i m a g e  o f  t h e  l i g h t  s o u r c e  o r  a n  i l l u m i n a t e d  g r a t i c u l e  i s  o b s e r v e d ,  i n  
o u r  i n s t r u m e n t  t h e  r e f l e c t e d  l i g h t  i s  c o l l e c t e d  b y  a  l o w  p o w e r  m i c r o ­
s c o p e  o b j e c t i v e  a n d  a n  i m a g e  o f  t h e  s p e c i m e n  s u r f a c e  o b s e r v e d #  S i n c e  
t h e  m i c r o s c o p e  i s  n o t  a d j u s t e d  n o r m a l l y  t o  r e c e i v e  c o l l i m a t e d  l i g h t ,  
t h e  s e n s i t i v i t y  o f  t h e  i m a g e  b r i g h t n e s s  t o  c r y s t a l  t i l t  i s  l i m i t e d  b y  
t h e  a n g l e  s u b t e n d e d  b y  t h e  o b j e c t i v e  a p e r t u r e  a t  t h e  s p e c i m e n  s u r f a c e *  
T h i s  a n g l e  i s  r e d u c e d ,  a n d  h e n c e  t h e  s e n s i t i v i t y  i n c r e a s e d ,  b y  i n t r o ­
d u c i n g  a  s l i t  c l o s e  t o  t h e  o b j e c t i v e  a n d  p a r a l l e l  t o  t h e  a x i s  o f  t i l t  
o f  t h e  t w i n .  T h e  m a x i m u m  s e n s i t i v i t y  f o r  a  g i v e n  s u r f a c e  f e a t u r e  i s  
t h e n  o b t a i n e d  b y  r e d u c i n g  t h e  w i d t h  o f  t h e  s l i t  u n t i l  t h e  f e a t u r e  c a n  
j u s t  b e  r e s o l v e d  i n  t h e  m i c r o s c o p e .  T h e  s e n s i t i v i t y  o f  t h e  m e a s u r e ­
m e n t  t h e r e f o r e  d e £ > e n d s  u p o n  t h e  w i d t h  o f  t h e  f e a t u r e .  T h e  p r i n c i p a l  
a d v a n t a g e  o f  o u r  i n s t r u m e n t  i s  t h a t  t h e  t i l t s  o f  £ > o o r  s u r f a c e s  o f  a  f e w  
p m  i n  w i d t h  m a y  b e  m e a s u r e d .  I n  o r d e r  t o  s e e  a n  i m a g e  i n  t h e  t e l e s ­
c o p e  o f  a  c o n v e n t i o n a l  g o n i o m e t e r ,  t h e  c r y s t a l  s u r f a c e s  h a v e  t o  b e
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f l a t  a n d  g r e a t e r  t h a n  a b o u t  1  m m  i n  e x t e n t .
S . 4 . 3  P r o c e s s i n g  o f  D a t a
A  s p e c i a l  f e a t u r e  o f  t h e s e  e x p e r i m e n t s  h a s  b e e n  t h e  p r o ­
c e s s i n g  o f  t h e  e x p e r i m e n t a l  d a t a  u s i n g  a l g e b r a i c  a n d  s t e r e o g r a p h i c  
p r o c e d u r e s  d e s c r i b e d  i n  A p p e n d i c e s  I  a n d  I I .  A  g e n e r a l  d i s c u s s i o n  o f  
t h e s e  m e t h o d s  i s  a l s o  g i v e n  i n  t h e s e  a p p e n d i c e s  a n d  h e r e ,  c o m m e n t s  
w i l l  b e  r e s t r i c t e d  t o  t h e  a p p l i c a t i o n s  d e s c r i b e d  i n  S e c t i o n  2 . 3 #  T h e  
e x p e r i m e n t a l  r e s u l t s  w e r e  f i r s t  a n a l y s e d  s t e r e o g r a p h i c a l l y  a n d  v a l u e s
o f  K  t)  a n d  g  o b t a i n e d  w i t h i n  a  f e w  h o u r s  o f  t a k i n g  t h e  g o n i o m e t r i c  1 1
r e a d i n g s .  H o w e v e r ,  d u e  t o  t h e  d i f f i c u l t y  o f  e s t i m a t i n g  t h e  e r r o r s  
i n v o l v e d  i n  t h e  s t e r e o g r a p h i c  m e t h o d  a n d  b e c a u s e  o f  t h e  e x c e p t i o n a l  
n a t u r e  o f  t h e  - { l  3  5 } 1 m o d e ,  t h e  i m p o r t a n c e  o f  o b t a i n i n g  t h e  m o s t  
a c c u r a t e  r e s u l t s  p o s s i b l e ,  i t  w a s  d e c i d e d  t o  d e v e l o p  a n d  u s e  a n  
a l g e b r a i c  p r o c e d u r e  t o  c h e c k  t h e s e  r e s u l t s .  S u b s e q u e n t l y ,  t h e  t i m e  
t a k e n  i n  p r e p a r i n g  t h e  n e c e s s a r y  c o m p u t e r  p r o g r a m m e s  a n d  o b t a i n i n g  t h e  
r e s u l t s  w h i c h  a r e  p r e s e n t e d  i n  T a b l e s  cmxcL  3 . * 3
m o n t h s .  T h e s e  r e s u l t s  s h o w  t h a t  o n  a v e r a g e  t h e  s t e r e o g r a p h i c  m e t h o d  
g a v e  t )  a n d  g  a c c u r a t e  t o  a b o u t  3 ° »  2 °  a n d  l z °  r e s p e c t i v e l y *  A t  
t h e  s a m e  t i m e  t h e  n u m e r i c a l  r e s u l t s  f o r  a n d  g  d e v i a t e d  o n
a v e r a g e  b y  2 ^ ° ,  2 °  a n d  5 %  f r o m  t h e  p r e d i c t e d  v a l u e s  f o r  t h e  * £ l  3  5 ^  f 
m o d e .  T h u s ,  t h e  s t e r e o g r a p h i c  m e t h o d  w a s  a s  a c c u r a t e  a s  t h e  e x p e r i m e n t *  
a l  d a t a  c o u l d  j u s t i f y  a n d  w a s  m u c h  m o r e  c o n v e n i e n t  t o  u s e  t h a n  t h e  
a l g e b r a i c  m e t h o d .  I n  f a c t  t h e  p r e s e n t  a n a l y s i s  p r o v i d e s  a  s t r i k i n g  
e x a m p l e  o f  t h e  p o w e r  a n d  f l e x i b i l i t y  o f  s t e r e o g r a p h i c  p r o c e d u r e s .  
H o w e v e r ,  i t  i s  a l w a y s  a d v i s a b l e  t o  c h e c k  g r a p h i c a l  r e s u l t s  a n d  a s  
s t r e s s e d  i n  t h e  A p p e n d i x ,  t h e  a l g e b r a i c  m e t h o d  c a n  b e  a p p l i e d  t o  t h e  
a n a l y s i s  o f  a l l  h o m o g e n e o u s  s h e a r s .
T a b le  2 . 1  The c r y s t a l  o r i e n t a t i o n s
* 1 1 * 1 2 R 1 3 R 2 1 R 2 2 R 3 31 . * 3 1 a 3 2
<
P
1 - . 2 9 1 3 - . 2 7 5 6 . 9 1 6 1 . 1 4 0 8 . 9 3 4 8 . 3 2 6 0 — . 9 4 6 2 . 2 2 3 9 - . ? « 3 3 5
2 . 8 6 6 0 .0 6 0 8 - . 4 9 6 4 . 2 7 2 3 . 7 7 5 2 • 5 7 0 0 . 4 1 9 4 - . 6 2 8 8 . 6 5 4 8
3 • . 8 4 4 3 - . 2 6 1 8 . 4 6 7 5 . 4 3 2 0 . 8 4 8 7 - . 3 0 5 1 . 3 1 6 9 - . 4 5 9 6 - . 8 2 9 7
4 - . 1 9 7 1 - . 7 9 6 5 - . 5 7 1 6 . 8 6 8 4 . 1 2 8 7 - . 4 7 8 9 - . 4 5 5 0 . 5 9 0 8 - . 6 6 6 3
5 * 5 1 8 3 * 7 7 6 5 . 3 5 8 4 - . 1 3 7 5 - . 3 3 8 0 . 9 3 1 1 . 8 4 4 1 - . 5 3 1 8 - . 0 6 8 4
6 - . 4 3 2 1 . 9 0 1 2 - . 0 3 4 9 - . 8 0 9 4 - . 4 0 4 5 - . 4 2 5 7 - . 3 9 7 7 - . 1 5 5 7 . 9 0 4 2
7 . 8 2 1 1 - . 5 3 4 0 . 2 0 1 3
i_  . -
- . 5 6 5 0 - . 8 1 0 5 * 1 5 4 ? - . 0 8 0 5 . 2 4 0 7 . 9 6 7 2
.5 3
T a b l e  2 . 2  T h e  t w i n n i n g  p l a n e
a i a 2 K 1 €■IC , 6 k
l a 1 6 6 . 2 ° 1 5 8 . 0 ° - . 1 4 7 - . 5 7 4 . 8 8 8 2 . 6 ° 2 . 3 °
l b 1 5 7 - 2 ° 1 6 4 . 2 ° - . 4 8 9 - . 2 8 5 * 9 0 7 6 . 8 ° 1 . 5 °
2 1 4 7 . 0 ° 1 1 3 . 6 ° - . 5 4 5 " * 1 5 3 . 9 0 3 1 . 1 ° 2 o 9 °
3 1 3 4 . 2 ° 1 1 3 . 2 ° - . 5 5 0 - . 1 4 7 . 9 0 1 1 - 5 ° 5 . 1 °
4 1 4 4 . 2 ° 9 7 . 2 °  . - . 5 4 2 — .  I 80 . 9 0 1 0 . 6 ° 2 . 3 °
5 a 1 3 1 . 0 ° 4 8 . 4 ° - . 5 8 9 - d 5 9 0877 3 . 5 ° 1 . 6 °
5 b 1 1 1 . 0 ° 8 2 . 6 ° . 9 2 4 - . 1 2 1 - . 5 1 0 4 . 1 ° 6 . 2 °
6 a 4 5 . 8 ° 1 2 9 , 4 ° - . 5 6 7 . 8 9 2 - . 1 4 5 2 . 3 ° 2 . 6 °
6 b ? 3 . 0 ° 8 3 . 2 ° . 9 2 0 - . 5 0 5 - . 1 8 0 2 . 2 ° 4 . 0 °
7 1 3 8 . 8 ° 8 8 . 6 ° . 8 9 7 - . 1 8 0 - • 5 5 1 1 . 1 ° 4 . 0 °
8 4 8 . 7 ° 1 2 9 . 8 ° - - - -
— — —
T a b l e  2 . 3  T h e  t w i n n i n g  d i r e c t i o n  a n d  s h e a r
^ 1
^ 2
♦* ^
' ’ ’ i ^ 1 6_ .... 9 6 9 6 9
5 a - 2 4 . 4 ° 3 * 5 ° . 7 8 9 . - . 3 6 8  
n i - , -
. 4 6 3 4 . 0 ° 2 . 9 ° 0 . 6 0 6 4 . 3 % 0 . 8 %
6 a 1 5 * 9 ° - 1 2 . 5 ° . 7 8 1 . . 4 3 1 . 4 0 2 2 . 2 ° 1 . 8 ° 0 . 5 9 3 6 . 3 % 2 . 3 %
7 - 1 9 * 9 ° 1 5 . 1 ° . 4 o 8 : . 7 9 4 - . 3 9 9 0 . 6 ° 1 . 1 ° 0 . 6 0 2 4 . 9 % 1 . 0 %
8 2 3 . 4 ° -  6 . 9 ° W
t
* - - 0 . 6 0 2 1 . 0 %
* 5 4 .
T a b l e 2 . 4  T h e  S c h m i d t  f a c t o r s  f o r  t w i n n i n g
6
/
a C a ' '
1 - . 0 6 3 - . 0 5 2 + . 1 5 1 + * 0 5 7 +  *  0 4 2 + .  1 2 5
2 + . 0 8 8 - . 3 6 1 - . 2 7 6 - . 0 1 1 +  . 2 1 0 + . 3 9 3  |
3 +  . 1 8 7 ~ * 4 4 8 “ * 3 5 6 - . 0 1 0 + .  1 4 1 + . 4 2 9  I
4 + . 0 9 5 - . 3 4 1 - . 1 9 2 - . 0 6 1 + . 1 2 3 + . 4 2 8  : 
1
5 +  o 1 2 4 - . 4 2 4 - . 3 7 6 + * 0 3 7 +  .  2 4 0 +  . 3 7 6
6 +  . 2 6 1 - . 4 9 9 - . 4 7 2 +  .  1 2 4 + * 1 3 9 +  . 3 0 3
7 +  . 0 2 2 - . 1 1 3 +  . 3 2 1 - O4 o 6 - . 4 0 7 + « 2 2 9
x - * A y  f i l m
L l Q u m  AI R
COLLIMATOR
The X -ra y  d i f f r a c t i o n  camera and sp ecim en  
h o ld er #
56.
X30
F lo#  2 .2 *  M icrographs o f  tw o a d ja c e n t  f a c e s  o f  a  
tw in n ed  s i n g l e  c r y s t a l  o f  sq u a re  c r o s s *  
s e c t io n *
5 7 .
F ig*  2*3* H ie low  tem p era tu re  g o n io m eter  u se d  t o
d e term in e  s u r fa c e  t i l t s  a s s o c ia t e d  w ith  - 
tw in s*  The v e r t i c a l  a x i s  o f  r o t a t io n  i s  
in d ic a t e d  b y  arrow s in  t h e  e l e v a t i o n  shown 
in  th e  m ain diagram  ( a )  and th e  p la n  o f  
t h e  sp ec im en  chamber shown in  th e  i n s e t  
(b )*  The h o r iz o n t a l  a x i s  o f  r o t a t io n  
X~X i s  shown i n  ( b )«
A
5 8 «
F ig *  2 . 4 .  S ch em a tic  r e p r e s e n t a t io n  o f  a  tw in n ed  
s i n g l e  c r y s t a l  o f  sq u a re  c r o s s - s e c t i o n -
5 9  .
Pifl* 2 . 5 .  The o r i e n t a t io n s  o f  th e  s e v e n  c r y s t a l s  
exam in ed . The a x e s  and r e ­
p r e s e n t in g  p o s i t i v e  d i r e c t io n s  a r e  
in d ic a t e d  by  c i r c l e s ,  t r i a n g l e s  and  
s q u a r e s  r e s p e c t i v e l y ,  a l l  a x e s  
b e in g  lo c a t e d  in  on e  u n i t  t r ia n g le #
6 0  c
VO«01
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CHAPTER I I I
3 * 1  I n t r o d u c t i o n
T w i n s  o c c u r  i n  m e r c u r y  u n d e r  c o n d i t i o n s  o f  s h o c k  l o a d i n g ,  
C r o c k e r  e t  a l  ( 1 9 6 6 )  a n d  a l s o  a t  l o w  r a t e s  o f  t e n s i l e  s t r a i n , R i d e r  &  
H e c k s c h e r  ( 1 9 6 6 ) *  T h e  c r y s t a l l o g r a p h y  o f  t h e s e  t w i n s  h a s  b e e n  
d e t e r m i n e d  C r o c k e r  e t  a l  ( 1 9 6 6 ) ,  G u y o n c o u r t  a n d  C r o c k e r  ( 1 9 6 7 ) .  
D e s c r i p t i o n s  o f  e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  t h e  t w i n n i n g  e l e m e n t s  
a r e  g i v e n  i n  C h a p t e r s  I  a n d  I I *  S i n c e  t h e s e  t w i n s  a r e  u n i q u e ,  a n y  
i n f o r m a t i o n  o n  t h e  n u c l e a t i o n  a n d  g r o w t h  p r o c e s s  w o u l d  b e  e x t r e m e l y  
v a l u a b l e  a n d  m i g h t  h e l p  i n  u n d e r s t a n d i n g  t w i n n i n g  p r o c e s s e s  i n  m e t a l s  
w i t h  h i g h e r  s y m m e t r y  t h a n  m e r c u r y *  I t  w a s  d e c i d e d  t h a t  d e t a i l e d  
o b s e r v a t i o n  o f  t h e  c r y s t a l  s u r f a c e  w h i l e  u n d e r  s t r a i n  w o u l d  b e  u s e f u l  
i n  o b t a i n i n g  s u c h  i n f o r m a t i o n ;  s q u a r e  c r o s s - s e c t i o n  s p e c i m e n s  a r e  
m o s t  c o n v e n i e n t  f o r  s u c h  o b s e r v a t i o n s ®  S t r e s s  m e a s u r e m e n t  w a s  n o t  
u n d e r t a k e n .
T h e  m e t h o d  o f  d e f o r m a t i o n  m u s t  b e  s u c h  t h a t  t h e  s p e c i m e n  
c a n  b e  k e p t  u n d e r  s t r a i n  a t  l i q u i d  a i r  t e m p e r a t u r e  w h i l e  t h e  s u r f a c e  i s  
o b s e r v e d  t h r o u g h  t h e  m i c r o s c o p e .  T h e  a p p l i e d  s t r e s s  f i e l d  m u s t  c a u s e  
m o r e  t h a n  o n e  d e f o r m a t i o n  s y s t e m  t o  o p e r a t e ,  s o  t h a t  e i t h e r  t w i n / t w i n  
o r  s l i p / t w i n  i n t e r a c t i o n s  m a y  b e  o b s e r v e d *  T h e  l a t t e r  c o n d i t i o n  l e d  t o  
t h e  c h o i c e  o f  b e n d i n g  a s  t h e  m e t h o d  o f  d e f o r m a t i o n ,  s i n c e  t h e  c o n ­
s t r a i n t s  i m p o s e d  a r e  s u c h  t h a t  i t  i s  u s u a l l y  n e c e s s a r y  f o r  s e v e r a l  
d e f o r m a t i o n  s y s t e m s  t o  o p e r a t e  i n  o r d e r  t o  a c c o m m o d a t e  t h e  s t r a i n *  
B e n d i n g  i s  n o t  a  h o m o g e n e o u s  d e f o r m a t i o n *  T h i s  i s  a  s l i g h t  d i s a d v a n ­
t a g e ,  i n  t h a t  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  i s  m o r e  c o m p l e x  t h a n  f o r  
p u r e  t e n s i l e  s t r a i n *  H o w e v e r ,  t h e  s t r a i n  g r a d i e n t s  c a n  g i v e  r i s e  t o
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i n t e r e s t i n g  e f f e c t s  s u c h  a s  i n c o h e r e n t  t w i n  b o u n d a r i e s .  A l s o ,  t h e  
t e n s i l e  a n d  c o m p r e s s i v e  b e h a v i o u r  i s  e a s i l y  c o m p a r e d ,  f o r  t h e  s a m e  
c r y s t a l ,  b y  o b s e r v i n g  t h e  s p e c i m e n  o n  b o t h  s i d e s  o f  t h e  n e u t r a l  p l a n e .
T h e  r e s u l t s  o f  t h e  b e n d i n g  e x p e r i m e n t s  a r e  p r e s e n t e d  i n  t h i s
c h a p t e r  a n d  i n  C h a p t e r  I V .  T h i s  c h a p t e r  c o n t a i n s  a  d e s c r i p t i o n  o f  
a p p a r a t u s  a n d  t e c h n i q u e s .  T h e n  f o l l o w s  a  b r i e f  d i s c u s s i o n  o f  V o n  
M i s e s 1 c r i t e r i o n  f o r  a  g e n e r a l  d e f o r m a t i o n  b y  s l i p  a n d  i t s  a p p l i c a t i o n  
t o  p l a s t i c  b e n d i n g .  I t  i s  s h o w n  t h e n  t h a t  m e r c u r y  c a n n o t  i n  g e n e r a l  
u n d e r g o  b e n d i n g  b y  l o n g  d i a g o n a l  s l i p  a l o n e .  A  g e n e r a l  d e s c r i p t i o n  i s  
g i v e n  o f  t h e  m o d e  o f  d e f o r m a t i o n  o f  a l l  t h e  s p e c i m e n s  t e s t e d .  T h e s e  
r e s u l t s  a r e  d i s c u s s e d  i n  t h e  l i g h t  o f  t h e  f o r e g o i n g  b e n d i n g  a n a l y s i s .
T h e  r e s u l t s  o n  t w i n  i n t e r s e c t i o n s  a n d  t w i n / s l i p  i n t e r a c t i o n s  
p r o v e d  p a r t i c u l a r l y  i n t e r e s t i n g  a n d  i t  i s  c o n v e n i e n t  t o  p r e s e n t  t h e m  
t o g e t h e r  w i t h  o b s e r v a t i o n s  o f  t w i n  g r o w t h  i n  C h a p t e r  I V .  A  f u l l  d i s ­
c u s s i o n  o f  t h e s e  r e s u l t s  i s  p r e s e n t e d  i n  C h a p t e r  V .
3 . 2  E x p e r i m e n t a l  A p p a r a t u s  a n d  M e t h o d s
3 * 2 . 1  C r y s t a l  G r o w t h
T h e  c r y s t a l s  u s e d  i n  t h i s  s e r i e s  o f  e x p e r i m e n t s  w e r e  g r o w n  
b y  a  p r o c e d u r e  d i f f e r i n g  i n  t h r e e  m a j o r  r e s p e c t s  f r o m  t h a t  d e s c r i b e d  
i n  C h a p t e r  I I .  F i r s t l y ,  t h e  g l a s s  m o u l d s  w e r e  d e m o u n t a b l e ,  s o  t h a t  a  
m i n i m u m  o f  p r o s t r a i n  w a s  i n t r o d u c e d  d u r i n g  r e m o v a l  o f  t h e  c r y s t a l s .  
S e c o n d l y ,  t h e  l i q u i d  a i r  b a t h  i n t o  w h i c h  t h e  c r y s t a l s  w e r e  l o w e r e d  w a s  
r e p l a c e d  b y  a  c o l d  a l c o h o l  b a t h .  T h e  m u c h  h i g h e r  t e m p e r a t u r e  o f  t h i s  
b a t h  r e d u c e d  t h e  i n i t i a l  g r o w t h  r a t e  o f  t h e  c r y s t a l s .  T h i r d l y ,  a  
s l o w e r  l o w e r i n g  r a t e  w a s  a d o p t e d .
T h e  d e m o u n t a b l e  m o u l d  w a s  d e v i s e d  b y  M r .  J . S .  A b e l l  a n d  
M r .  F .  B r i s t o w  o f  t h i s  D e p a r t m e n t .  I t  c o n s i s t s  o f  a  s q u a r e  c r o s s -  
s e c t i o n  g l a s s  t u b e , t h e  i n s i d e  o f  w h i c h  i s  l i n e d  b y  f o u r  p r e c i s e l y  
g r o u n d  g l a s s  s l i d e s .  T h e s e  s l i d e s  a r e  s u f f i c i e n t l y  t i g h t  f i t t i n g  t o  
e x c l u d e  l i q u i d  m e r c u r y  f r o m  p e n e t r a t i n g  b e t w e e n  t h e m ,  b u t  t h e y  a r e  
a b l e  t o  s l i d e  f r e e l y  w i t h i n  t h e  o u t e r  t u b e ,  w h e n  l u b r i c a t e d  w i t h  
a l c o h o l .  T h e  i n t e r n a l  d i m e n s i o n s  o f  t h e  m o u l d  a r e  6  mm x  m m  
M e r c u r y  a n d  a b s o l u t e  a l c o h o l  w e r e  p o u r e d  i n t o  t h i s  m o u l d ,  : h  . e n d  o f  
w h i c h  w a s  b l o c k e d  w i t h  a  r u b b e r  s t o p p e r .  A  s t e e l  p i n  w a s  I n s e r t e d  
t h r o u g h  t h e  c e n t r e  o f t h ^  s t o p p e r  t o  a c t  a s  a  n u c l e a t i o n  p o i n t  f o r  t h e  
m e r c u r y  c r y s t a l . r
T h e  o p t i m u m  l o w e r i n g  r a t e  a n d  b a t h  t e m p e r a t u r e  w e r e  f o u n d  
t o  b e  1  ram p e r  m i n .  a n d  - 9 0 ° C  r e s p e c t i v e l y .
S p e c i m e n s  w e r e  r e m o v e d  f r o m  t h e  m o u l d  b y  a p p l y i n g  p r e s s u r e  
t o  t h e  e n d s  o f  t h e  f o u r  g l a s s  s l i d e s ,  c a u s i n g  t h e m  t o  s l i d e  o u t  f r o m  
t h e  t u b e ,  t o g e t h e r  w i t h  t h e  s p e c i m e n .  T h e  s l i d e s  c o u l d  t h e n  b e  d e ­
t a c h e d  f r o m  t h e  s p e c i m e n .
T h e  s p e c i m e n s  w e r e  u s u a l l y  s i n g l e  c r y s t a l s .  S u b - g r a i n  
b o u n d a r i e s  w e r e  s o m e t i m e s  o b s e r v e d  b o t h  o p t i c a l l y  a n d  b y  t h e  s p l i t t i n g  
o f  X - r a y  d i f f r a c t i o n  s p o t s .  F r o m  t h e  d i f f r a c t i o n  d a t a ,  t h e  r e l a t i v e  
d i s o r i e n t a t i o n s  o f  t h e  g r a i n s  w e r e  r o t a t i o n s  o f  i °  t o  4 °  a b o u t  t h e  
a x i s  o f  t h e  c r y s t a l .  T h e  b o u n d a r i e s  t h e m s e l v e s  b o s w g  s l i g h t l y  w a v y  i n  
n a t u r e  u s u a l l y  r a n  p a r a l l e l  t o  t h i s  a x i s  a n d  o c c a s i o n a l l y  b r a n c h e d .
T h e s e  s u b - g r a i n s  a r e  c h a r a c t e r i s t i c s  o f  l i n e a g e .  L i n e a g e  o c c u r r e d  w h e n  
t h e  l o w e r i n g  r a t e  w a s  t o o  r a p i d  a n d  a l s o  i f  t h e  t e m p e r a t u r e  o f  t h e  
b a t h  w a s  t o o  h i g h .  B o t h  t h e s e  c o n d i t i o n s  c a u s e  t h e  s o l i d  l i q u i d  
i n t e r f a c e  o f  t h e  g r o w i n g  c r y s t a l  t o  f a l l  b e l o w  t h e  s u r f a c e  o f  t h e  c o l d  
a l c o h o l .  T h i s  h a s  t h e  e f f e c t  o f  p r e c o o l i n g  t h e  m e r c u r y  a b o v e  t h e  
i n t e r f a c e ;  t h i s  m a y  p r o m o t e  l i n e a g e  d u e  t o  i r r e g u l a r  r a p i d  g r o w t h  w h e n
t h e  l i q u i d  m e r c u r y  r e a c h e s  a  c r i t i c a l  d e g r e e  o f  s u p e r c o o l i n g *  C o n ­
v e r s e l y  w h e n  t h e  s o l i d  l i q u i d  i n t e r f a c e  i s  a b o v e  t h e  a l c o h o l  s u r f a c e ,  
t h e  l i q u i d  m e r c u r y  i s  s u r r o u n d e d  b y  a  r e l a t i v e l y  w a r m  e n v i r o n m e n t ,  s o  
t h a t  o n l y  t h e  l i q u i d  d i r e c t l y  i n  c o n t a c t  w i t h  t h e  i n t e r f a c e  i s  s u p e r ­
c o o l e d *  U n d e r  t h e s e  c o n d i t i o n s  g r o w t h  i s  r e g u l a r  a n d  a  g o o d  c r y s t a l  
i s  p r o d u c e d *  A l l  c r y s t a l s  b u t  t w o ,  w i t h  e v i d e n c e  o f  l i n e a g e  o r  g r a i n  
b o u n d a r i e s  w e r e  d i s c a r d e d *  T h e  t w o  e x c e p t i o n s  a r e  r e p o r t e d  i n  S e c t i o n
4 * 3 .
T h e  s p e c i m e n  s u r f a c e s  w e r e  b e t t e r  t h a n  t h o s e -  p r o c e e d  b y  
t h e  m e t h o d  d e s c r i b e d  i n  C h a p t e r  X I *  S u r f a c e s  w e r e  s m o o t h ,  s o  t h a t  
s l i p  l i n e s  w e r e  e a s i l y  v i s i b l e *  P i m p l e s  o f  t h e  o r d e r  o f  1 0  p m  :^ n  
d i a m e t e r  w e r e  s o m e t i m e s  o b s e r v e d *  I t  i s  b e l i e v e d  t h a t  t h e s e  w e r e
c a u s e d  b y  s u r f a c e  t e n s i o n  e f f e c t s  a r o u n d  p a r t i c l e s  i n  c o n t a c t  w i t h  t h e
s u r f a c e  d u r i n g  s o l i d i f i c a t i o n *  O c c a s i o n a l l y  s u r f a c e s  w e r e  f o u n d  c o n ­
t a i n i n g  a  c l o s e  p a c k e d  d i r e c t i o n ,  t h e s e  e x h i b i t e d  s t e p p e d  p h e n o m e n a  
d i s c u s s e d  i n  A p p e n d i x  V *  T h e  e d g e s  o f  t h e  s p e c i m e n s  w e r e  w e l l  
d e f i n e d ^  t h u s ,  a c c u r a t e  g o n i o m e t r y  w a s  p o s s i b l e  u s i n g  t h e  e d g e s  a s  
r e f e r e n c e  d i r e c t i o n s *
3 . 2 . 2  T h e  B e n d i n g  J i g
F o u r  p o i n t  b e n d i n g  w a s  u s e d  i n  p r e f e r e n c e  t o  t h r e e  p o i n t
b e n d i n g  s i n c e  t h e  r e g i o n  b e t w e e n  t h e  t w o  c e n t r a l  k n i f e  e d g e s  a n d  n o t  
w i t h i n  t h e i r  i m m e d i a t e  v i c i n i t y  m a y  b e  c o n s i d e r e d  t o  e x p e r i e n c e  a  
u n i f o r m ,  p u r e  b e n d i n g  m o m e n t ,  p r o v i d e d  t h a t  t h e  d e f o r m a t i o n  i s  n o t  
l a r g e *  F i g *  3 * i  i s  a  d i a g r a m  o f  t h e  j i g ,  w h i c h  i s  m a d e  f r o m  b r a s s ,  
e x c e p t  f o r  t h e  t w o  i n n e r  k n i f e  e d g e s  w h i c h  a r e  m a d e  f r o m  P « . T * F . E ^
T h e  s p a n s  o f  t h e  i n n e r  a n d  o u t e r  k n i f e  e d g e s  a r e  2  c m s *  a n d  6  c m s *  
r e s p e c t i v e l y *  T h e  d e f o r m a t i o n  w a s  a p p l i e d  b y  m e a n s  o f  t w o  s c r e w s ,  
t h e  e n d s  o f  w h i c h  a r e  r o u n d e d ,  a n d  c o n s t i t u t e d  t h e  o u t e r  e d g e s *  T h e
t o p  p l a t e  o f  t h e  j i g  c o n t a i n s  a n  o v a l  h o l e  t h r o u g h  w h i c h  o b s e r v a t i o n s  
o f  t h e  t o p  s u r f a c e  o f  t h e  s p e c i m e n  c o u l d  b e  m a d e .  T h e  s p e c i m e n ,  r e s t ­
i n g  i n  t h e  j i g ,  w a s  k e p t  a t  l i q u i d  a i r  t e m p e r a t u r e  b y  i m m e r s i n g  t h e  
j i g  i n  l i q u i d  a i r ,  t h e  l e v e l  o f  w h i c h  w a s  m a i n t a i n e d  j u s t  b e l o w  t h e  
t o p  s u r f a c e  o f  t h e  s p e c i m e n !  t h u s ,  u n o b s t r u c t e d  o b s e r v a t i o n  o f  t h i s  
s u r f a c e  c o u l d  b e  m a d e .  A n  a t m o s p h e r e  o f  c o l d  a i r  f o r m e d  b e l o w  t h e  t o p  
o f  t h e  w a l l s  o f  t h e  g l a s s  c o n t a i n e r  h o l d i n g  t h e  j i g .  T h i s  c o l d  a i r  
w a s  c o m p l e t e l y  d r y  a n d  t h u s  p r o t e c t e d  t h e  s p e c i m e n  s u r f a c e  f r o m  f r o s t  
f o r m a t i o n *
T h e  e l a s t i c  s t r a i n  C i  i n  t h e  o u t h e r  f i b r e  o f  t h e  s p e c i  - . - n ,  
i s  g i v e n  b y  t h e  f o l l o w i n g  f o r m u l a  d e r i v e d  b y  B r u n e a u  a n d  P r a t t ,  ( + 9 6 2 )  
f r o m  t h e  e q u a t i o n s  o f  T i m o s h e n k o  ( 1 9 3 4 ) .
€  =  a / R  a  3 a D /  ( 3 A B  +  B 2  +  4 a 2 )  ( 3 . 1 )
H e r e  2 a  i s  t h e  d e p t h  o f  t h e  b e a m ,  2 A  i s  h e  s p a n  o f  t h e  i n n e r  k n i f e  
e d g e s ,  B  i s  t h e  d i s t a n c e  b e t w e e n  i n n e r  a n d  o u t e r  k n i f e  e d g e s ,  F: i s  t h e  
r a d i u s  o f  c u r v a t u r e  o f  t h e  b e n t  b e a m  a n d  D  i s  t h e  v e r t i c a l  d i s p l a c e ­
m e n t  o f  t h e  o u t e r  r e l a t i v e  t o  t h e  i n n e r  k n i f e  e d g e s .  U s i n g  t h e  
v a l u e s  o f  t h e s e  c o n s t a n t s  f o r  t h i s  a p p a r a t u s ,  t h e  o u t e r  f i b r e  s t r a i n  
p e r  t u r n  o f  b o t h  o u t e r  s c r e w s  i s  0 . 0 0 9 .  T h i s  v a l u e  w a s  u s e d  f o r  a l l  
c a l c u l a t i o n s  o f  s t r a i n .
3 . 2 . 3  M e t h o d s  o f  O b s e r v a t i o n
A  m a j o r  p r o b l e m  e x p e r i e n c e d  i n  t h e  o b s e r v a t i o n  o f  m e r c u r y  
a t  l i q u i d  a i r  t e m p e r a t u r e  i s  t h e  r e m o v a l  o f  t h e  a l c o h o l  f i l m ,  f r o m  t h e  
s p e c i m e n  s u r f a c e .  A l c o h o l  i s  u s e d  a s  a  l u b r i c a n t  t o  f a c i l i t a t e  e a s y  
r e m o v a l  f r o m  t h e  m o u l d .  A l l  s p e c i m e n s  t h e r e f o r e  h a d  a  s u r f a c e  f i l m  o f  
a l c o h o l .  O b s e r v a t i o n  o f  t h e  s u r f a c e  w a s  p o s s i b l e  d o w n  t o  - 1 2 0 ° C  a t
w h i c h  t e m p e r a t u r e  t h e  a l c o h o l  c r y s t a l l i s e s .  W h e n  r a p i d l y  c o o l e d  t h e  
a l c o h o l  g o e s  i n t o  a  g l a s s y  s t a t e  b e l o w  - 1 2 0 ° C .  T h i s  s o l i d  f i l m  
r e d u c e s  t h e  r e s o l u t i o n  c o n s i d e r a b l y .  F o r t u n a t e l y ,  t w i n  f o r m a t i o n  c a u s e d  
t h e  f i l m  t o  b r e a k  a w a y  f r o m  t h e  s u r f a c e ,  r e v e a l i n g  t h e  s u r f a c e  i n  t h e  
r e g i o n  o f  t h e  t w i n .
M i c r o g r a x f o s  w e r e  t a k e n  a t  l i q u i d  a i r  t e m p e r a t u r e  a n d  a t  
h i g h  t e m p e r a t u r e s  w h e n  t h e  d e f o r m a t i o n  w a s  c o m p l e t e d .  F i n e  g r a i n  
1 0  A S A  I l f o r d  G 3 0  p l a t e s  w e r e  u s e d *
3 . 3  V o n  M i s e s 1 C r i t e r i o n
3 . 3 . 1  A  G e n e r a l  D e f o r m a t i o n
I n  a  p a p e r  b y  V o n  M i s e s  ( 1 9 2 6 )  i t  i s  s h o w n  t h a t  a n y  h o m o ­
g e n e o u s  d e f o r m a t i o n  o f  a  b o d y  m a y  b e  p r o d u c e d  b y  s h e a r  o n  f i v e  o r  l e s s  
i n d e p e n d e n t  s y s t e m s .  T h i s  m a y  b e  u n d e r s t o o d  b y  c o n s i d e r i n g  c. p u r e  
s t r a i n  m a t r i x  £  „ ,  w h i c h  c a n  r e p r e s e n t  a n y  h o m o g e n e o u s  s t r a i n .  A s  
t h e  m a t r i x  i s  s y m m e t r i c ,  t h e  n u m b e r  o f  i n d e p e n d e n t  e l e m e n t s  r e d u c e s  
f r o m  9  t o  6 .  T h i s  f u r t h e r  r e d u c e s  t o  5  i f  n o  v o l u m e  c h a n g e  i s  i n ­
v o l v e d ,  s i n c e  £  + €  +  F .  =  0 .11 Caua
C o n s i d e r  n  s h e a r  s y s t e m s ,  e a c h  r e p r e s e n t e d  b y
m a t r i c e s  a n d  s h e a r  m a g n i t u d e s  a ^ ,  w h e r e  r  «= 1 ,  2 ,  -
w i l l  b e  e q u i v a l e n t  t o  a  r e s u l t a n t  s t r a i n  ,  w h e r e
iJ
. . =5 a ,  . +  a 0 6 ^  . + --------------- +  a  ( _  \
i j  1  i j  2  x j  n  x j  ( 3 . 2 )
S i n c e  t h e r e  a r e  5  i n d e p e n d e n t  e l e m e n t s  t o  t h e  m a t r i x  i c .  ( 3 * 2 )
 ^J
r e p r e s e n t s  5  l i n e a r  e q u a t i o n s  i n  a , ,  a 0  - —  a  f o r ,  s a y ,  i j  =  1 1 , 1 2
i  a  n
1 3 ,  2 2 ,  2 3 .  T h e s e  e q u a t i o n s  m a y  b e  s a t i s f i e d  b y  p u t t i n g  a l l  b u t  5  o f
s t r a i n  
- - n .  T h e s e
e q u a l  t o  z e r o  p r o v i d e d  t h a t  t h e  5  sc 5  d e t e r m i n a n t  o f  t h e  i n d e p e n d e n t  
e l e m e n t s  o f  t h e  r e m a i n i n g  m a t r i c e s  i s  n o t  z e r o .  T h i s  i s  a  r e s u l t  o f  
t h e  t h e o r y  o f  l i n e a r  e q u a t i o n s .  D e n o t i n g  t h e  5  s h e a r  s y s t e m s  b y  X ,  I I ,  
I I | ^ I V  a n d  V ,  w e  h a v e  t h a t
^ I  ^ IX  
^ 1 1
r m  ^ -iv  
fe  i i  ^ i i  f e n
^  x  ^ 1 1  _ I I I  I V  V
vT r-*
12 12 ^  12 12 12
I I  I I I  I V  V
f e  f e  f e  f e  f e  
1 3  1 3  1 3  1 3  1 3
_ I  I I  I I I  I V  ^ _ v
f e  fe  fe: f e  fe,22 22 22 22 22
_  I  I I  I I I  I V  V
fe  fe  f e  fe fe
2 3  2 3  2 3  2 3  2 3
( 3 * 3 )
I f  n o  c o l u m n  i s  a  l i n e a r  c o m b i n a t i o n  o f  t h e  o t h e r  c o l u m n s ,  t h e n  t h e
d e t e r m i n a n t  i s  n o t  z e r o .  T h i s  c o n d i t i o n  r e q u i r e s  t h a t  t h e s e  s t r a i n
m a t r i c e s  b e  i n d e p e n d e n t .  T h u s  e q u a t i o n s  ( 3 * 2 )  m a y  b e  s a t i s f i e d  b y  5
i n d e p e n d e n t  w h e r e  r  =  I  f e  I V .  T h i s  i s  V o n  M i s e s ’ r e s u l t  s i n c e
y—  r
t h e  5  f e  . j i  r e p r e s e n t s  5  i n d e p e n d e n t  s h e a r  s y s t e m s  w h i c h  c a n  g e n e r a t e
X J
a n y  h o m o g e n e o u s  s t r a i n f e i j .  N o t e  t h a t  i f  t h e r e  a r e  m o r e  t h a n  5  
s h e a r  s y s t e m s  a v a i l a b l e ,  t h e r e  m a y  b e  s e v e r a l  w a y s  o f  s a t i s f y i n g  
e q u a t i o n s  ( 3 * 2 )
3 * 3 * 2  P l a s t i c  b e n d i n g
P l a s t i c  b e n d i n g  i n d u c e s  a n  i n h o m o g e n e o u s  s t r a i n ,  b u t  d o e s
6 8 .
n o t  i n v o l v e  a  v o l u m e  c h a n g e .  I t  i s  c o n v e n i e n t  t o  m a k e  a  f i r s t  o r d e r  
a p p r o x i m a t i o n  t o  b e n d i n g  b y  t h e  f o l l o w i n g  p r o p o s i t i o n s :
c r o s s - s e c t i o n ,  b e n t  a b o u t  a n  a x i s  p e r p e n d i c u l a r  t o  o n e  o f  t h e  l a t e r a l  
f a c e s .  P r o p o s i t i o n  ( i i )  i m p l i e s  t h a t  t h e  c r o s s - s e c t i o n  r e m a i n s  
r e c t a n g u l a r  a n d  a l s o  t h a t  a n y  s e c t i o n  p a r a l l e l  t o  t h e  n e u t r a l  p l a n e  
r e m a i n s  s y m m e t r i c a l  a b o u t  t h e  c e n t r a l  s p e c i m e n  a x i s .
W e  n o w  c h o o s e  a x e s  X ,  Y  a n d  Z  n o r m a l  t o  t h e  n e u t r a l  p l a n e ,
p a r a l l e l  t o  t h e  b e n d  a x i s  a n d  a l o n g  t h e  s p e c i m e n  a x i s  r e s p e c t i v e l y .
T h e s e  d i r e c t i o n s  a r e  s h o w n  i n  F i g .  3 * 1 .  • r e p r e s e n t s  d i e  p u r e
x«3
s t r a i n  a t  a n y  p o i n t  i n £ h e  s p e c i m e n .  T h i s  s t r a i n  w i l l  v a r y  f r o m  p o i n t  
t o  p o i n t  o v e r  t h e  s p e c i m e n ,  b u t  m u s t  s a t i s f y  p r o p o s i t i o n  ( i i )  e v e r y ­
w h e r e .  T h i s  i s  o n l y  p o s s i b l e  i f  £  a n d  £  D a r e  z e r o  a t  e v e r y  
p o i n t  i n  t h e  s p e c i m e n ,  s i n c e  t h e s e  s h e a r  e l e m e n t s  d i s t o r t  d i r e c t i o n s  
o u t  o f  t h e  p l a n e  o f  b e n d i n g .
I f  t h e  s l i p  s y s t e m s  i n  t h e  c r y s t a l  a r e  1 ,  2 ,    n ,  t h e
f o l l o w i n g  t w o  c o n d i t i o n s  m u s t  b e  s a t i s f i e d  t h r o u g h o u t  t h e  s p e c i m e n :
n
( i )  T h e  s t r a i n  i n  i n f i n i t e s i m a l l y  s m a l l  r e g i o n s  
o f  t h e  s p e c i m e n  m a y  b e  c o n s i d e r e d  a s  h o m o ­
g e n e o u s .
( i i )  D i r e c t i o n s  l y i n g  n o r m a l  t o  t h e  b e n d  a x i s  r e m a i n  
n o r m a l  t o  t h i s  a x i s  a f t e r  d e f o r m a t i o n .
C o n s i d e r  a  s p e c i m e n  i n  t h e  f o r m  o f  a  p r i s m  o f  r e c t a n g u l a r
£ 12 0
1 (3*4 )
n i
0
1
6 9 .
w h e r e  t h e  c u  a r e  p r o p o r t i o n a l  t o  t h e  a m o u n t  o f  s l i p  o n  e a c h  s y s t e m .  
T h e s e  c o n d i t i o n s  m a y  b e  s a t i s f i e d  b y  s e t t i n g  a l l  b u t  t h r e e  o f  t h e  
o u  e q u a l  t o  z e r o ;  t h u s ,  l e t t i n g  a ^ ,  a ^ ,  b e  n o n  z e r o
w e  o b t a i n  a + a £. + a £
P 12 12 12
= 0
( 3 - 5 )
, P  q  r
a €  on + a F  + a  C no 
p  2 3  q  2 3  r  2 3
0
T h e s e  e q u a t i o n s  c a n  h a v e  s o l u t i o n s  f o r  t h e  p r o p o r t i o n s  a  : a  :  o A . l y
i f  t h e  2 x 2  d e t e r m i n a n t s
-  p  
£
1 2
€  q  
1 2 ' 1 2
r
f e o  1 1 2 £ q1 2
r
£^  1 2
£ P
2 3 2 3 3
p
£
2 3
r
£
2 3
q
€
2 3
r
€
2 3
( 3 . 6 )
O n l y  t w o  o f  t h e  c o n d i t i o n s  ( 3 . 6 )  a r e  i n d e p e n d e n t .  T h e s e  i m p l y  n o t  
o n l y  t h a t  t h e  t h r e e  s l i p  s y s t e m s  m u s t  b e  i n d e p e n d e n t  b u t  a l s o  t h a t  t h e  
e l e m e n t s  £ ^ 2  a n d  £ 2 3 ’  *ka ^ e n  s e p a r a t e l y  m u s t  a l s o  b e  i n d e p e n d e n t .
T h u s ,  a n y  t h r e e  i n d e p e n d e n t  s l i i D  s y s t e m s  n e e d  n o t  n e c e s s a r i l y  a c c o m m o ­
d a t e  a  b e n d i n g  s t r a i n .  I t  w i l l  h o w e v e r  b e  p o s s i b l e  t o  c h o o s e  3  s y s ­
t e m s  f r o m  5  i n d e p e n d e n t  o n e s  w h i c h  s a t i s f y  c o n d i t i o n s  ( 3 . 6 )  s i n c e  w e  
h a v e  s h o w n  t h a t  a n y  h o m o g e n e o u s  s t r a i n  c a n  b e  a c c o m m o d a t e d  f r o m  5  
i n d e p e n d e n t  s l i p  s y s t e m s .  I t  m a y  b e  p o s s i b l e  a l s o  t o  f i n d  p a r t i c u l a r  
o r i e n t a t i o n s  o f  t h e  c r y s t a l  s u c h  t h a t  c o n d i t i o n s  ( 3 - 5 )  a r e  s a t i s f i e d  w h e n
e i t h e r  o n e  o r  t w o  o f  a , a , a a r e  z e r o .
p  q  r
F o r  & r  =  0 *  w e  h a v e  s l i p  o n  t w o  s y s t e m s  p  a n d  q  s a t i s f y i n g
12 12
p q
ap C 23 + a q € 23 = °
( 3 - 7 )
. 7 0
We t h e r e f o r e  r e q u ir e  t h a t
€
p <1
1 2 1 2
P
2 3
t r
2 3
F s  ( p q )  =  0 ( 3 . 8 )
T h e  d e t e r m i n a n t  ( p q )  h a s  a  p o s s i b l e  m a x i m u m  v a l u e  o f  0 « 5 »  T h e  
r a t i o  o f  a m o u n t s  o f  s l i p  o n  e a c h  s y s t e m  i s  g i v e n  b y  o ty  =
a € p12
F o r  a = a = O w e  h a v e  s l i p  o n  o n e  s y s t e m  p ,  w h i c h  m u s t  
s a t i s f y  t h e  t w o  c o n d i t i o n s  a £  , ~ = 0  a n d  a £  P = 0p  ^  1 2  2 3
thus €  P2 = £  23 = 0 ( 3 . 9 )
T o  s u m m a r i s e
( i )  A  c r y s t a l  w i t h  5  i n d e p e n d e n t  s l i p  s y s t e m s  c a n  b e
b e n t  i n  a n y  o r i e n t a t i o n  a n d  n e e d  s l i p  o n  o n l y  3  o r  l e s s  
i n d e p e n d e n t  s y s t e m s  w h i c h  s a t i s f y  ( 3 - 6 ) •
( i i )  A  c r y s t a l  w i t h  l e s s  t h a n  5  i n d e p e n d e n t  s y s t e m s  w i l l  
b e n d  i n  c e r t a i n  o r i e n t a t i o n s  w h e r e  c o n d i t i o n s  ( 3 * 6 )  
a r e  s a t i s f i e d .
( i i i )  A  c r y s t a l  w i l l  b e n d  o n  2  s y s t e m s  p r o v i d e d  c o n d i t i o n  
( 3 - 8 )  i s  s a t i s f i e d .
( i v )  A  c r y s t a l  w i l l  b e n d  o n  o n e  s y s t e m  p r o v i d e d  c o n d i t i o n s  
( 3 * 9 )  a r e  s a t i s f i e d .
I n  t h i s  a n a l y s i s  w e  h a v e  n e g l e c t e d  t h e  e f f e c t s  o f  t h e  s t r a i n s  
w h i c h  c a u s e  a n t i c l a s t i c  c u r v a t u r e ;  i n  f a c t ,  t h e  a n a l y s i s  i s  o n l y  e x a c t  
f o r  t h e  p l a n e  o f  b e n d i n g  m i d w a y  a c r o s s  t h e  s p e c i m e n *  T h e  g r e a t e s t  
d e v i a t i o n  f o r  a  r e c t a n g u l a r  p r i s m  s p e c i m e n  w i l l  b e  f o u n d  a l o n g  t h e  
l o n g i t u d i n a l  e d g e s ,  w h e r e  s l i p  o n  p l a n e s  o t h e r  t h a n  t h o s e  s a t i s f y i n g  
c o n d i t i o n s  ( 3 * 6 ) ,  ( 3 * 8 )  o r  ( 3 * 9 )  m a y  b e  e x p e c t e d ,  ( S t o k e s  e t  a l *  1 9 6 2 )  
o b s e r v e d  a n t i c l a s t i c  k i n k i n g  i n  r o c k s a l t  d u e  t o  t h e s e  e f f e c t s *
3 * 4  I n d e p e n d e n t  S l i p  S y s t e m s  o f  M e r c u r y
V o n  M i s e s  ( 1 9 2 6 )  s h o w e d  t h a t  f c c . c *  m e t a l s  h a v e  f i v e  i n d e p e n d e n t
s l i p  s y s t e m s  a n d  c a n  t h e r e f o r e  u n d e r g o  a  g e n e r a l  h o m o g e n e o u s  s t r a i n *
G r o v e s  a n d  K e l l y  ( 1 9 6 3 )  h a v e  d e t e r m i n e d  t h e  n u m b e r s  o f  i n d e p e n d e n t
s l i p  s y s t e m s  f o r  v a r i o u s  m a t e r i a l s  w i t h  d i f f e r e n t  s t r u c t u r e s .  I n  t h e i r
m e t h o d  t h e  s t r a i n  m a t r i x  f o r  e v e r y  s l i p  s y s t e m  i s  d e r i v e d  r e l a t i v e  t o
a n y  c o n v e n i e n t  o r t h o g o n a l  b a s i s  b y  t h e  f o l l o w i n g  m e t h o d ®  T h e  p u r e
s y m m e t r i c a l  s t r a i n  m a t r i c e s  m a y  b e  f o r m e d  u s i n g  t h e  d i r e c t i o n  c o s i n e s
o f  t h e  n o r m a l  t o  t h e  s h e a r  p l a n e  a n d  s h e a r  d i r e c t i o n  ( m ,  m 0 )1 2 3
a n d  ( l ^  1 ^  ^ ) *  T *i e  © l a m e n t s  o f  t h e  m a t r i c e s  a r e  t h e n  g i v e n  b y
^ 1 1  1i ml7 ^ 2 2  “ 12m2  ^ ^ 3 3 "  13m3 /
« s  ^11n2 + 12mi ^ f e i 3  * 7 + 13 ml \ ^‘2 3 “ aU^ni^+lyng) (3*10)
T h e  m a t r i c e s  a r e  t h e n  t e s t e d  t o  d e t e r m i n e  w h e t h e r  t h e y  a r e  i n d e p e n d e n t .  
T h i s  m e t h o d  h a s  n o t ,  s o  f a r  a s  i s  k n o w n ,  b e e n  a p p l i e d  t o  a n y  r h o m b o h e -  
d r a l  m a t e r i a l s ,  a n d  w i l l  t h e r e f o r e  b e  d i s c u s s e d  i n  d e t a i l  h e r e  f o r  
m e r c u r y *
T h e  s l i p  s y s t e m s  o f  m e r c u r y  a t  l o w  t e m p e r a t u r e  a r e  o f  t h e  t y p e
( i  1 i}<o I i > .  T h i s  t y p e  o f  s l i p  w i l l  h e r e a f t e r  b e  t e r m e d  l o n g
d i a g o n a l  s l i p .  T h e  n o t a t i o n  d e f i n e d  i n  C h a p t e r  I  f o r  s l i p  p l a n e s  a n d  
d i r e c t i o n s  w i l l  b e  u s e d  h e r e .  T h u s  t h e  s l i p  p l a n e s  ( i l l )  ( 1 1 1 )  
a n d  ( i l l )  b e c o m e  A ,  B  a n d  C  i n  a d d i t i o n  t h e  s l i p  d i r e c t i o n s  £ l  1  O j
C O  I  l ]  a n d  ] jL  0  I J b e c o m e  9 ,  0  a n d  ^  •
A n  o r t h o g o n a l  b a s i s  i s  c h o s e n  w i t h  x ,  y  a n d  z  p a r a l l e l  t o  
[ l  1  o ]  [ l  1  2 ] a n d  C l  1  I r r e s p e c t i v e l y ,  a s  i n  F i g .  3 - 2 .  T h e  s i n e  
a n d  c o s i n e  o f  t h e  a n g l e  b e t w e e n  ( 1 1 1 )  a n d  1 1 2  a r e  d e n o t e d  b y  3  
a n d  c  r e s p e c t i v e l y .  T h e  d i r e c t i o n  c o s i n e s  o f  A ,  B ,  C ,  9 ,  0  a n d  
a r e  t h e n
(0 ~ «aj r - J l  c » -  i c ,  s ) ( > 6 c ,  - 4 c , s )
[-1, 0 o ][i, -V2 ,  O ?  a n d  p i ,  v j ,  o l
2 2
U s i n g  t h e  e q u a t i o n s  ( 3 - 1 0 )  t h e  s t r a i n  m a t r i c e s  b e c o m e
1
0 1 to o - 2 a € ( b )  =  (3 ^ 3 c  c  s € ( C )  =  y J J c  c  s
- 2 c  0 0 i0
qo
C
- 2 s  0 0 s  - J 3 s  0 s  7 3 s  0
w h e r e  a ,  |3 a n d  y  a r e  c o m p o n e n t s  o f  s l i p  o n  e a c h  s y s t e m .  I t  c a n  b e
s e e n  t h a t  b y  p u t t i n g  a  =  (3 =  y  w e  h a v e  t h a t
6 ( A )  + < ? ( b )  +  £ ( c )  =  0 ( 3 . H )
T h u s  t h e r e  a r e  o n l y  t w o  i n d e p e n d e n t  s l i p  s y s t e m s  f o r  t h e  l o n g  d i a g o n a l  
s l i p  m o d e  o f  m e r c u r y .  T h i s  m e a n s  t h a t  m e r c u r y  c a n n o t  u n d e r g o  a  
g e n e r a l  h o m o g e n e o u s  s t r a i n  b y  l o n g  d i a g o n a l  s l i p  a l o n e .  T h u s  i f  t h i s  
m o d e  a l o n e  o p e r a t e s  d u r i n g  d e f o r m a t i o n ,  b e n d i n g  w i l l  o n l y  b e  p o s s i b l e  
f o r  o r i e n t a t i o n s  f o r  w h i c h  o n l y  o n e  o r  t w o  s y s t e m s  a r e  n e e d e d .  T h u s  
f o r  b e n d i n g  o n e  o r  t w o  s y s t e m s  m u s t  s a t i s f y  c o n d i t i o n s  ( 3 * 9 )  o r  ( 3 * 8 -  
r e s p e c t i v e l y .  C o n d i t i o n  ( 3 * 6 )  c a n n o t  b e  s a t i s f i e d .
S p e c i m e n s  i n  w h i c h  c o n d i t i o n s  ( 3 * 9 )  d o  h o l d ,  s l i p  o n  c. ■ 
p l a n e .  F i g .  3 . 3  ( i )  i l l u s t r a t e s  t h i s  i n  a  s q u a r e  c r o s s - s e c t i o n  p r c S r n  
T h e  s l i p  d i r e c t i o n  a n d  t h e  p o l e  o f  t h e  s l i p  p l a n e  l i e  i n  t h e  Y  p l a n e  a s  
i n  t h e  s t e r e o g r a m ,  F i g .  3 * 3  ( i i ) *  T h u s  f o r  m e r c u r y  a  < 2 1 1 >  d i r ?  -  i o n  
w i l l  l i e  p a r a l l e l  t o  Y .  T h i s  t y p e  o f  c o n f i g u r a t i o n  i n  b e n d i n g  b e e n
o b s e r v e d  i n  o t h e r  m a t e r i a l s  a n d  h a s  b e e n  t e r m e d  t w o  d i m e n s i o n a l  b e n d i n g  
b y  N y e  ( 1 9 5 3 ) *  Z i n c  c r y s t a l s  i n  w h i c h  t h e  b e n d  a x i s  l i e s  i n  t h e  b a s a l  
p l a n e  h a v e  b e e n  d e f o r m e d  u p  t o  2 5 %  i n  b e n d i n g  b y  G i l m a n  ( 1 9 5 5 )  a n d  w e r e  
f o u n d  i n  m o s t  c a s e s  t o  d e f o r m  e x c l u s i v e l y  b y  b a s a l  s l i p  i n  a  t w o  d i m e n ­
s i o n a l  c o n f i g u r a t i o n .  H e x a g o n a l  c r y s t a l s  h a v e  t w o  i n d e p e n d e n t  s l i p  
s y s t e m s  o n  t h e  b a s a l  p l a n e  s o  t h a t  t h e  Y  a x i s  m a y  h a v e  a n y  o r i e n t a t i o n  
i n  t h e  b a s a l  p l a n e .  M a g n e s i u m  O x i d e  c r y s t a l s  h a v e  a l s o  b e e n  d e f o r m e d  
b y  b e n d i n g  b y  B r u n e a u  a n d  P r a t t  ( 1 9 6 2 ) .  T h e s e  c r y s t a l s  w e r e  o r i e n t e d  
s o  t h a t  t w o  s l i p  s y s t e m s  w e r e  s i m u l t a n e o u s l y  i n  t h e  t w o  d i m e n s i o n a l  
b e n d i n g  c o n f i g u r a t i o n .
C o n d i t i o n  ( 3 * 8 )  f o r  s l i p  o n  t w o  p l a n e s  m a y  b e  s a t i s f i e d  f o * ~  
m e r c u r y .  S l i p  w i l l  t h e n  o c c u r  i n  g e n e r a l  b y  u n e q u a l  a m o u n t s  o n  e a c n  
p l a n e .  F o r  c e r t a i n  o r i e n t a t i o n s  h o w e v e r ,  s l i p  w i l l  o p e r a t e  i n  e q u a l  
a m o u n t s  o n  e a c h  p l a n e ;  t h e  t y p e  o f  o r i e n t a t i o n  i n  w h i c h  t h i s  b e h a v i o u r  
o c c u r s  i s  s h o w n  i n  F i g .  3 . 4  ( i ) .  T h e  Y  p l a n e  m u s t  b e  a  m i r r o r  p l a n e  
a n d  t h e  o n l y  m i r r o r  p l a n e s  i n  m e r c u r y  a r e  t h e  { ^ 1 1  o j  t y p e .  A  < ^ 1  I  0 ^ >  
d i r e c t i o n  w i l l  t h e n  l i e  p a r a l l e l  t o  t h e  Y  a x i s .  T h e  Z  a x i s  l i e s  i n  t h e  
a c u t e  a n g l e  b e t w e e n  t h e  p l a n e s .  T h e  b e n d i n g  d e f o r m a t i o n  w i l l  b e  o f  t h e
t h r e e  d i m e n s i o n a l  t y p e  a s  c l a s s i f i e d  b y  N y e  ( 1 9 5 3 ) *  T h i s  t y p e  o f  
o r i e n t a t i o n  f o r  m e r c u r y  i s  s h o w n  i n  F i g *  3 . 4  ( i i ) .  T h e r e  w i l l  b e  a  
r a n g e  o f  o r i e n t a t i o n s  b e t w e e n  t h e  t y p e s  o f  F i g s *  3 * 3  ( i i )  a r * d  3 . 4  ( i i )  
i n  w h i c h  p l a s t i c  b e n d i n g  c a n  o c c u r  b y  s l i p p i n g  i n  u n e q u a l  p r o p o r t i o n s  
o n  t w o  s l i p  p l a n e s .  C o n d i t i o n  ( 3 * 8 )  w i l l  b e  s a t i s f i e d  i n  a l l  t h e s e  
o r i e n t a t i o n s •
T h e  o r i e n t a t i o n  o b t a i n e d  b y  a  r o t a t i o n  o f  t h a t  o f  F i g .  3 + 4  
b y  9 0 °  a b o u t  t h e  C i  i  c f )  d i r e c t i o n ,  s o  t h a t  t h e  Z  a x i s  n o w  l i e s  i n  t h e  
o b t u s e  a n g l e  b e t w e e n  t h e  s l i p  p l a n e s , d o e s  n o t  s a t i s f y  c o n d i t i o n  ( 3 + 8 ) *
F o r  a r b i t r a r y  o r i e n t a t i o n s ,  t h e  v a l u e  o f  / ^ ( p q )  f o r  a n y  t w o  
s l i p  s y s t e m s  w i l l  l i e  b e t w e e n  0  a n d  0 . 5 *  S i n c e  t h e  t h r e e  l o n g  d i a g o n a l  
s l i p  s y s t e m s  o f  m e r c u r y  a r e  n o t  i n d e p e n d e n t ,  t h e  v a l u e s  o f  E ^ w i l l  a l s o  
b e  n o t  i n d e p e n d e n t .  I n  p a r t i c u l a r  f r o m  e q u a t i o n  ( 3 » l l )  w e  o b t a i n
€  1 S ( A )  + 6 1 2 ( b )  +  6 1 2 ( c )  *  0  a n d  S - 2 3 ( a )  + € 2 3 ( B )  +  e 2 3 ( c )  =  °
SO t h a t  ^ ( A B ) = ^ ( C B )  ^ ( C A )
T h u s ,  t h e  s i g n  o f  t h e  d e t e r m i n a n t  d e p e n d s  u p o n  t h e  s e n s e  o f  s l i p ,  a n d  
i t s  m a g n i t u d e  i s  t h e  s a m e  f o r  a n y  c o m b i n a t i o n  o f  l o n g ,  d i a g o n a l  s l i p  
v a r i a n t s .
3 * 5  R e s u l t s
3 * 5 * 1  G e n e r a l  F e a t u r e s  o f  B e n t  C r y s t a l s
S e v e n t e e n  s p e c i m e n s  w e r e  d e f o r m e d  i n  t h e  b e n d i n g  j i g *  T h e  
m e c h a n i s m s  b y  w h i c h  t h e s e  c r y s t a l s  d e f o r m e d  a r e  l i s t e d  i n  T a b l e  3 . 1 *
T h e r e  w e r e  t h r e e  m e c h a n i s m s  o b s e r v e d :  s t r a i g h t  s l i p ,  w a v y  s l i p  a n d  
t w i n n i n g .  A s  e x a m p l e s  o f  s t r a i g h t  s l i p  a n d  t w i n n i n g  r e s p e c t i v e l y ,  
F i g s .  3 * 5  a n d  3 * 6  s h o w  c o m p o s i t e  m i c r o g r a p h s  o f  t h e  X  a n d  Y  f a c e s  o f  
c r y s t a l s  56  a n d  4 5 .  F i g .  3 * 9  ( i )  i s  a  m i c r o g r a p h  o f  c r y s t a l  3 7  w h i c h  
d e f o r m e d  b y  w a v y  s l i p .  S e v e n  c r y s t a l s  d e f o r m e d  b y  t w i n n i n g .  O f  
t h e s e  f i v e  t w i n n e d  o n  t w o  v a r i a n t s  o f  t h e  t w i n  m o d e  a n d  t h e  o t h e r  t w o  
o n  o n e  v a r i a n t  o n l y .  T h r e e  c r y s t a l s  d e f o r m e d  b y  w a v y  s l i p .  T w o  o f  
t h e s e  a l s o  s h o w e d  s t r a i g h t  s l i p  t r a c e s .  N o  t w i n n i n g  w a s  o b s e r v e c  rf: 
o r i g i n a t e d  o n  t h e  c o m p r e s s i v e  f a c e s  o f  t h e  c r y s t a l s .  H o w e v e r ,  t x - i a  
t r a c e s  o n  t h e  Y  f a c e s  o f t e n  e x t e n d e d  a c r o s s  t h e  n e u t r a l  p l a n e  f r o  .+0 
t e n s i l e  t o  t h e  c o m p r e s s i v e  r e g i o n s .
M i c r o g r a p h s  w e r e  t a k e n  o f  t h e  X  a n d  Y  f a c e s  o f  m o s t  c r y s  V x  : 
a s  a  p e r m a n e n t  r e c o r d  o f  t h e  m o d e  o f  d e f o r m e + t i o n .  M o s t  o f  t h e s e  w  
t a k e n  a t  t e m p e r a t u r e s  n e a r  t o  t h e  m e l t i n g  p o i n t ,  w h e n  t h e  c r y s t a l s  
w e r e  i m m e r s e d  i n  l i q u i d  a l c o h o l .  S p e c i m e n s  w h i c h  h a d  t w i n n e d ,  r €  l y a -  
t a l l i s e d  a t  t h e s e  t e m p e r a t u r e s  b u t  t h o s e  w h i c h  h a d  s l i p p e d  w i t h o u t  
t w i n n i n g  r e t a i n e d  t h e i r  o r i g i n a l  c r y s t a l l o g r a p h i c  o r i e n t a t i o n .
3 * 5 - 2  A n a l y s i s  o f  S l i p p e d  C r y s t a l s
T h e  o r i e n t a t i o n s  o f  t h e  1 7  c r y s t a l s  a r e  p l o t t e d  i n  t h e  t w o  
u n i t  t r i a n g l e s  o f  F i g .  3 * 7  ( i )  a n d  ( i i ) ,  t h e  Z  a n d  Y  a x e s  a r e  s h o w n  
i n  ( i )  a n d  ( i i )  r e s p e c t i v e l y .  S u p e r i m p o s e d  o n  F i g .  3 * 7  ( i )  a r e  t h e  
c o m p u t e d  c o n t o u r s  o f  e q u a l  r e s o l v e d  s h e a r  s t r e s s  f o r  l o n g  d i a g o n a l  
s l i p ,  E  ( S ) .  T h e s e  a r e  t a k e n  f r o m  t h e  p a p e r  o f  R i d e r  a n d  
H e c k s c h e r  ( 1 9 6 6 ) .  O n l y  t h e  c o n t o u r s  o f  t h e  m o s t  h i g h l y  s t r e s s e d  s l i p  
s y s t e m  i n  a n y  p a r t i c u l a r  r e g i o n  a r e  s h o w n .  T h e  d o t t e d  l i n e s  a r e  t h e  
b o u n d a r i e s  a l o n g  w h i c h  t h e  r e s o l v e d  s h e a r  s t r e s s  o n  t w o  s y s t e m s  a r e  
e q u a l .
. 7 6 .
I n  F i g .  3 * 7  ( i i )  t h e  t w o  d i r e c t i o n s  L2 1  i j .  a n d  CI  0  l j a r e  
p l o t t e d .  I n  S e c t i o n  3 . 4  t h e s e  t w o  d i r e c t i o n s  w e r e  s h o w n  t o  b e  
p o s s i b l e  Y  a x e s  f o r  b e n d i n g  b y  l o n g  d i a g o n a l  s l i p  a l o n e .  N o n e  o f  t h e  
1 7  c r y s t a l s  h a v e  Y  a x e s  l e s s  t h a n  9 °  f r o m  t h e s e  t w o  d i r e c t i o n s .
T a b l e s  3 * 2  a n d  3 . 3  g i v e  t h e  S c h m i d t  f a c t o r s  £ ^ ^ ( S )  a n d  
£ ^ ^ ( T )  f o r  l o n g  d i a g o n a l  s l i p  a n d  t w i n n i n g  r e s p e c t i v e l y .  A l l  s l i p  
a n d  t w i n  v a r i a n t s  a r e  q u o t e d .  T h e  p a r t i c u l a r  t w i n  o r  s l i p  v a r i a n t s  
w h i c h  o p e r a t e d  a r e  u n d e r l i n e d .  D o u b l e  o r  s i n g l e  u n d e r l i n i n g  i s  ” r r e d  
d e p e n d i n g  u p o n  w h e t h e r  t h e  d e f o r m a t i o n  s y s t e m  p r e d o m i n a t e s  o r  i s  
s e c o n d a r y  t o  s o m e  o t h e r  s y s t e m .
F o r  t h i s  p u r p o s e  o f  d i s c u s s i n g  t h e  r e s u l t s  t h e  u n i t  t r r j  . 3
h a s  b e e n  d i v i d e d  i n t o  t h r e e  r e g i o n s ,  P ,  Q  a n d  R ,  a s  s h o w n  i n  F i g ,  3 - 8 .
I n  r e g i o n s  P  a n d  Q  ^  0 . 1 5  a n d  i n  r e g i o n  Q  £ ^ ( T )  < ^ 0 . 2 0 .
R e g i o n  R  c o n s t i t u t e s  t h e  r e m a i n d e r  o f  t h e  u n i t  t r i a n g l e  w h e r e  £ r  . . ( 3 )
_ 3 3
a n d  3 3 ( T )  a r e  g r e a t e r  t h a n  0 . 1 5  a n d  0 . 2 0  r e s p e c t i v e l y .
R e g i o n  P .  T h i s  i s  a  r e g i o n  o f  z - a x i s  o r i e n t a t i o n s  f o r  w h i c h  £  ( S )
i s  l o w  a n d  £ 3 3 ^ )  * s  g r e a t e r  t h a n  0 . 2 .  R i d e r  a n d  H e c k s c h e r  ( 1 9 6 6 )  
f o u n d  t h a t  c r y s t a l s  t w i n n e d  u n d e r  p u r e  t e n s i l e  s t r a i n s  i n  t h i s  r e g i o n .
C r y s t a l s  4 7 ,  5 0  a n d  6 l  a l l  l i e  i n  t h i s  r e g i o n .  A l l  t h r e e  
t w i n n e d ;  t h o u g h  c r y s t a l  6 1  w h i c h  l i e s  n e a r  t h e  b o u n d a r y  b e t w e e n  P  a n d  
R  h a d  o n l y  o n e  t w i n  w h i c h  f o r m e d  a f t e r  t h e  c r y s t a l  h a d  d e f o r m e d  2 %  t y  
s l i p p i n g .  C r y s t a l  5 0  p r o d u c e d  o n l y  a  f e w  t w i n s  o f  o n e  v a r i a n t .  T h e  
r a t i o €  ( T ) / £  ( S )  i s  1 . 8  a n d  3 - 0  f o r  c r y s t a l s  6 l  a n d  5 0  r e s p e c t i v e l y .
S i n c e  b o t h  t h e s e  c r y s t a l s  w e r e  c l o s e  t o  t h e  b o u n d a r y  b e t w e e n  p u r e  s l i p  
a n d  p u r e  t w i n n i n g , i t  m a y  t h e r e f o r e  b e  a s s u m e d  t h a t  t h e  r a t i o  o f  c r i t i ­
c a l  r e s o l v e d  s h e a r  s t r e s s e s  f o r  t w i n n i n g  a n d  s l i p  l i e s  i n  t h e  r a n g e  
1 . 8  t o  3 * 0 .  C r y s t a l  4 7  i n  w h i c h  (S )  * = 4 . 6  t w i n n e d
p r o f u s e l y .  I n  c r y s t a l  6 l ,  b e n d i n g  c o n s t r a i n t s  p r o b a b l y  d i d  n o t  
i n f l u e n c e  t h e  r e s o l v e d  s h e a r  s t r e s s ,  s i n c e  t h e  c r y s t a l  o r i e n t a t i o n  w a s
s u c h  t h a t  t h e  t w i n  w a s  i n  a n  a p p r o x i m a t e  t w o - d i m e n s i o n a l  b e n d i n g  
o r i e n t a t i o n .
R e g i o n  Q .  T h i s  r e g i o n  i n  w h i c h  a n d l  6 ^ 3 ( T )  a r e  b o t h  l o w ,
c o n t a i n s  c r y s t a l s  3 4 ,  3 7  a n d  5 4 .  A l l  t h r e e  c r y s t a l s  d e f o r m e d  b y  w a v y  
s l i p .  C r y s t a l  3 7  d e f o r m e d  s o l e l y  b y  t h i s  m o d e .  F i g .  3 * 9  ( i )  i s  a  
m i c r o g r a p h  o f  t h e  X  f a c e  o f  t h i s  c r y s t a l .  F i g .  3 * 9  ( i i )  i s  a  
s c h e m a t i c  d i a g r a m  o f  t h e  c r y s t a l .  A l l  t h r e e  < J L  1  O ^ s l i p  d i r e c t i o n s  
l i e  v e r y  n e a r l y  9 0 °  f r o m  t h e  Z  a x i s .  T h u s  s l i p  i n  n o n e  o f  t h e r  
d i r e c t i o n s  w i l l  a c c o m m o d a t e  b e n d i n g ;  s l i p  o n  t h e  m o d e  (  O  0  l )  £ l  1  
w o u l d  h o w e v e r ,  s i n c e  i t  i s  a p p r o x i m a t e l y  a  t w o - d i m e n s i o n a l  b e n d i n c ,  
c o n f i g u r a t i o n .  I n  a d d i t i o n ,  t h e  r e s o l v e d  s h e a r  s t r e s s  o n  t h i s  s y s t ^  
i s  h i g h ,  s i n c e  t h e  p l a n e  ( 0  0  l )  m a k e s  e q u a l  a n g l e s  w i t h  t h e  X  a n d  . 
a x e s .  T h e  p r e d o m i n a n t  d i r e c t i o n  o f  w a v y  s l i p  t r a c e s  o n  X  f a c e  o ?  
c r y s t a l  w a s  w i t h i n  4 °  o f  t h e  t r a c e  o f  t h e  ( 0  0  l )  p l a n e .  I t  1 . 
l i k e l y  t h a t  s l i p  o c c u r r e d  o n  t h e  ( I  1  l )  a n d  ( i l l )  p l a n e s  w i t h  a  
c o m m o n  s l i p  d i r e c t i o n  D  1  o l  ,  c r o s s  s l i p p i n g  t o  f o r m  a  c o m p o s - ?  - 
( 0 0  1 )  p l a n e .  F r e q u e n t  c r o s s  s l i p  i s  e v i d e n t  f r o m  t h e  w a v y  a n d  
b r a n c h i n g  n a t u r e  o f  t h e  s l i p  t r a c e s .
C r y s t a l s  3 4  a n d  5 4  h a d  a  D i ^ r i u r e  o f  w a v y  s l i p  a n d  s t r a i g h t  
s l i p  t r a c e s .  B o t h  h a d  s i m i l a r  Y  o r i e n t a t i o n s  t o  3 7 *  T h e i r  Z  a x e s  
h o w e v e r  l a y  a t  l a r g e r  a n g l e s  f r o m  1 1 1 ,  m a k i n g f e ^ ^ ( S )  h i g h e r .  T h e  
o c c u r r e n c e  o f  b o t h  s l i p  m o d e s  i n d i c a t e s  t h a t  t h e s e  c r y s t a l s  w e r e  o r *  t h  
b o u n d a r y  b e t w e e n  t h e  t w o  m o d e s  o f  d e f o r m a t i o n .  A n  e s t i m a t e  o f  t h  
r a t i o  o f  t h e  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s e s  f o r  t h e  t w o  t y p e s  o f  s l i p  
m a y  t h e r e f o r e  b e  o b t a i n e d .  T h e  t w o  v a l u e s  a r e  3 * 8  a n d  2 , 9  f o r  c r y s t a l :  
3 4  a n d  5 4  r e s p e c t i v e l y .  T h u s ,  s h o r t  d i a g o n a l  s l i p  m a y  b e  e x p e c t e d  
w h e n  t h e  r a t i o  o f  r e s o l v e d  s h e a r  s t r e s s  f o r  s h o r t  t o  l o n g  d i a g o n a l  i s  
a t  l e a s t  2 . 9 .
I t  i s  l i k e l y  from  t h e s e  r e s u l t s  t h a t  a com ponent o f  s h o r t
d i a g o n a l  s l i p  w a s  o p e r a t i v e  i n  o t h e r  c r y s t a l s  i n  w h i c h  b e n d i n g  c o n ­
s t r a i n t s  c o u l d  n o t  b e  a c c o m m o d a t e d  b y  l o n g  d i a g o n a l  s l i p  a l o n e .
R e g i o n  R .  T h e  r e m a i n i n g  e l e v e n  c r y s t a l s  l i e  i n  t h e  r e g i o n  i n  w h i c h  
b o t h 6 3 3 ( S )  a n d  6 ' 3 3 ( T )  a r e  l a r g e .  A l l  c r y s t a l s  h a d  s t r a i g h t  s l i p  
t r a c e s  o n  t h e  c o m p r e s s i v e  s i d e  o f  t h e  n e u t r a l  a x i s .  A l s o ,  a l l  d e f o r m e d  
b y  s l i p  o n  t h e  t e n s i l e  s i d e  e x c e p t  c r y s t a l s  3 8 ,  4 2 ,  4 5  a n d  5 8 ,  w h i c h  
d e f o r m e d  b y  t w i n n i n g  o n  t w o  v a r i a n t s  o f  t h e  t w i n  m o d e  w h i c h  h a v e  t h e  
s a m e  p l a n e .  N o  c o r r e l a t i o n  b e t w e e n  r e s o l v e d  s h e a r  s t r e s s  f o r  s l i p  
a n d  t w i n n i n g  a n d  t h e  o b s e r v e d  m o d e  o f  d e f o r m a t i o n  w a s  n o t e d .  T h e  
r a t i o  v a r i e d  b e t w e e n  0 . 4 l  a n d  1 . 1 6  f o r  c r y s t a l s  a n d
4 5  r e s p e c t i v e l y ,  b o t h  o f  w h i c h  t w i n n e d .  T h e r e  i s  s o m e  c o r r e l a t i o n  * ~*r  
t h e  Y  a x i s  o r i e n t a t i o n s  f o r  t w i n n e d  c r y s t a l s  h o w e v e r  s i n c e  i n  F i g .
3 * 7  ( i i ) ,  t h e  t w i n n e d  c r y s t a l s  l i e  i n  a  f a i r l y  w e l l  d e f i n e d  r e g i o n .
A n  e x p l a n a t i o n  o f  t h i s  i s  p u t  f o r w a r d  i n  t h e  n e x t  c h a p t e r  w h e r e  t h e  
s p e c i a l  r e l a t i o n s h i p  b e t w e e n  t h e  t w o  o p e r a t i v e  t w i n  v a r i a n t s  i s  d i s ­
c u s s e d  i n  d e t a i l .
O f  t h e  c r y s t a l s  w h i c h  s l i p p e d ,  t w o  h a v e  o r i e n t a t i o n s  w h i c h  
a p p r o x i m a t e  t o  t h e  t w o  e a s y  b e n d i n g  o r i e n t a t i o n s  d e s c r i b e d  i n  S e c t i o n  
3 . 4 .  T h e s e  a r e  c r y s t a l s  4 0  a n d  5 6 .
C r y s t a l  4 0 .  T h e  o r i e n t a t i o n  o f  t h i s  c r y s t a l  a p p r o x i m a t e s  t o  t h e  t w o  
d i m e n s i o n a l  b e n d i n g  o r i e n t a t i o n  o f  F i g .  3 * 3 *  T h e  Y  a x i s  l i e s  i n  t h e  
s l i p  p l a n e  A  a n d  t h e  s l i p  d i r e c t i o n  l i e s  w i t h i n  15° o f  t h e  Y  p l a n e .
T h i s  c r y s t a l  i n  f a c t  s l i p p e d  o n  o n l y  o n e  p l a n e ,  A ,  a s  e x p e c t e d  f r o m  
a r g u m e n t s  p u t  f o r w a r d  i n  S e c t i o n  3 * 4 .  T h e  v a l u e  o f  t h e  d e t e r m i n a n t A
s
w a s  0 . 0 2  w h i c h  i s  a l s o  c o n s i s t e n t ,  s i n c e  c o n d i t i o n  ( 3 * 8 )  i s  t h u s  v e r y  
n e a r l y  s a t i s f i e d .
C r y s t a l  5 6 .  T h e  o r i e n t a t i o n  o f  t h i s  c r y s t a l  a p p r o x i m a t e s  t o  t h e  t h r e e  
d i m e n s i o n a l  b e n d i n g  o r i e n t a t i o n  o f  F i g .  3 * 4 .  A s  s h o w n  i n  F i g .  3 * 7 ( i i )  
t h e  Y  a x i s  l i e s  a b o u t  9 °  f r o m  f l  0  l 3  •  F i g .  3 * 5  i s  a  c o m p o s i t e
m i c r o g r a p h  o f  i t s  X  a n d  Y  f a c e s .  T w o  s e t s  o f  s l i p  t r a c e s  c a n  b e  s e e n  
o n  f a c e  Y .  T h i s  c r y s t a l  i n  f a c t  s l i p p e d  o n  t w o  p l a n e s , B  a n d  C ,  p r e ­
d o m i n a n t l y  o n  B .  H o w e v e r ,  o n l y  t h e  s l i p  t r a c e s  o f  C  c a n n o t  b e  s e e n  
o n  t h e  X  f a c e  s i n c e  i t s  s l i p  d i r e c t i o n  l i e s  c l o s e  t o  t h e  s u r f a c e .  I n  
t h e  i d e a l  o r i e n t a t i o n ,  F i g .  3 * 4  ( i i ) ,  b o t h  p l a n e s  B  a n d  C  s h o u l d  h a v e  
s l i p p e d  i n  e q u a l  a m o u n t s .  T h e  v a l u e  o f  A ( B C )  f o r  t h i s  c r y s t a l  w a s  
0 . 1  s h o w i n g  t h a t  t h e  o r i e n t a t i o n  d e v i a t e d  a p p r e c i a b l y  f r o m  t h e  i d e a l  
f o r  w h i c h  A  i s  z e r o .
3 * 6  C o n c l u s i o n
T h e  o p e r a t i o n  o f  l o n g  d i a g o n a l  s l i p  i n  t h e  b e n d i n g  o f  
m e r c u r y  c r y s t a l s  d e p e n d s  u p o n  t h e  v a l u e s  o f ^ i ^ ( S )  f o r  e a c h  v a r i a n t  
a n d  t h e  v a l u e  o f  •  I d e a l l y ,  s l i p  w o u l d  o n l y  o c c u r  w h e n Z \ < =  0  o n
t h e  t w o  v a r i a n t s  w i t h  t h e  h i g h e s t  v a l u e s  o f  ^ ^ ^ ( S ) .  I n  p r a c t i c e  
t h e r e  a r e  t w o  c o m p e t i n g  m o d e s  o f  d e f o r m a t i o n ,  s h o r t  d i a g o n a l  s l i p  o r  
w a v y  s l i p  a n d  t w i n n i n g .  T h e s e  a l l o w  b e n d i n g  t o  o c c u r  f o r  o t h e r  
o r i e n t a t i o n s .  I n  p a r t i c u l a r ,  t v / i n n i n g  o c c u r s  i n  r e g i o n  P  a n d  w a v y  
s l i p  i n  r e g i o n  Q .  I n  r e g i o n  R  l o n g  d i a g o n a l  s l i p  a l o n e  o p e r a t e s  
p r o v i d e d  / \  w  0 .  F o r  o t h e r  o r i e n t a t i o n s  a  c o m b i n a t i o n  o f  l o n g  a n d  
s h o r t  d i a g o n a l  s l i p  p r o b a b l y  o c c u r s .  F o r  c e r t a i n  o r i e n t a t i o n s  t h e  
b e n d i n g  c o n s t r a i n t s  m a y  b e  s a t i s f i e d  b y  t w i n n i n g  o n  t w o  v a r i a n t s  o f  
t h e  '  3  5  |  T m o d e  h a v i n g  a  c o m m o n  p l a n e .  T h i s  i s  o n l y  p o s s i b l e
o n  t h e  t e n s i l e  s i d e  o f  t h e  n e u t r a l  a x i s .  T h e  a c c o m m o d a t i o n  o f  b e n d i n g  
s t r a i n  b y  t w i n n i n g  i s  d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .
T ab le  3*1 The o p e r a t iv e  v a r ia n t s  o f  th e  d efo rm a tio n
n o d es o f  1 7  b en t c r y s t a l s
C r y s ta l 30 31 32 34 37 38 40 42 45 47 50 52 54 lo 57 58 6 1 1
S l i p
v a r ia n t s AC AC AB ACW W AB A B AC A AB AC
i
!1
kCW
—•'—i
BC
! "  
5 AB BC
1
AC
Twin
v a r ia n t s • a a ' bb* a a ' aa* a* to - bb» a*
€  % max. 5*4 - 1 .8 0 .9 H
1 .8 6 .3 5*8 - 4 .0 1 .8 5 4 1 .8 1 .8 2 .2 2 .3
The sym bols A, B,C,  a ,  a ' ,  b v b' a r e  th e  o p e r a t iv e  v a r ia n t s  o f
th e  s l i p  and tw in  inodes shown in  F ig ,  1 ,8  ( i i i ) ,  W s ta n d s  f o r  wavy
s l i p ,  £  i s  th e  maximum s t r a i n  in  th e  o u te r  f ib r e  o f  th e  b en tmax*
sp ec im en .
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T a b le  3*2  S ch m id t f a c t o r s  f o r  s l i p  ( X 1 0  0 )
P r e d o m i n a n t  a n d  s e c o n d a r y  o p e r a t i v e  v a r i a n t s  a r e  d o u b l y  a n d  s i n g l y  
u n d e r l i n e d .
T a b l e  3 * 3  S c h m i d t  f a c t o r s  f o r  t w i n n i n g  ( X  1  0  0 )
C r y s t a l
V a r i a n t 3 0 3 1 3 2 3 4 3 7 3 8 4 0 4 2 4 5 4 7 5 0 5 2 5 4 5 6  5 7 5 8  6 l
a 3 5 ? 3 3 0 0 4 0 7 1 8 S 3 S 9 2 6 2 0 1 3 1 5 0 1 1 4 2 7 S B  06
a ' 3 3 3 5 4 5 1 8 1 0 - 2 2 , % 2 9 2 8 2 4 J Z 3 6 1 8 3 8 2 7 2 2 3 5
b 0 4 1 9 3 7 " ~ 0 2 0 0 1 5 3 5 1 9
■ s =
0 4 6 B 0 1 0 3 O F 1 8 0 5 2 4 0 0
b ’ 0 1 0 9 B 0 3 0 5 I o 06 1 6 3 * 05 a r 2 5 0 2 3 5  2 5 2 9  O B
c 2 8 2 0 B 1 1 0 8 4 o 0 0 2 4 3 7 o S I T 2 2 " 0 8 I o 2 5 1 8 0 0
c ' 2 9 4 7 1 5 ~ o 6 0 0 " 0 2 4 8 4 8 0 3 I T 1 7 1 5 06 0 5 0 5 4 9 2 0
N e g a t i v e  f a c t o r s  a r e  r e p r e s e n t e d  b y  a  b a r  a b o v e  t h e  n u m b e r  
O p e r a t i v e  m o d e s  a r e  d o u b l e  u n d e r l i n e d .
S VECl t oEM
GrLfi'SS P.T.F. fz .  Krv i FE
CONTAINS* . .. .... S ‘DCpS$
l i q u i d  
A" L .....
F i g .  3 . 1 .  The b en d in g  j i g  and sp ecim en  a x e s  
( i n s e t ) *
F i g .  3 . 2 . T h e  o r t h o g o n a l  b a s i s *
8:v.
Fin* 3 . 3 .  The tw o -d im e n s io n a l b etid ing o r i e n t a t io n -
F ig .  3 - 4 -  The th r e e -d im e n s io n a l b en d in g  o r ie n t a ­
t i o n .
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F ig .  3 .5 #  C om posite m icrograp h  o f  a d ja c e n t  f a c e s  
o f  c r y s t a l  3 6 #
Com posite m icrograph o f  a d ja ce n t fa c e s  
o f  c r y s t a l  45*
F i g .
2TT
3 . 7 .  ( i )  Z - a x e s  o f  t h e  1 7  b e n t  c r y s t a l s ;  c r y s t a l s  t h a t  t w i n n e d
a r e  r i n g e d .
F i g . 3 . 7 .  ( i i )  Y - a x e s  o f  t h e  1 7  b e n t  c r y s t a l s ;  c r y s t a l s  t h a t  t w i n n e d  
a r e  r i n g e d .
8 8
T h r e e  r e g i o n s  o f  t h e  u n i t  t r i a n g l e *
F ig* 3 * 9 ( i ) »  M icrograph o f  th e  X -fa c e  o f  
c r y s t a l  37*
Fig* 3 * 9 ( i i ) «  S ch em a tic  diagram  o f  c r y s t a l  37*
C h a p t e r  IV
4 . 1  I n t r o d u c t i o n
T h i s  c h a p t e r  d e a l s  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  a n d  i s  
d i v i d e d  i n t o  f o u r  m a i n  s e c t i o n s .  S e c t i o n  4 . 2  i s  c o n c e r n e d  w i t h  a  
p a r t i c u l a r  t y p e  o f  t w i n / t w i n  i n t e r s e c t i o n  c o m m o n l y  o b s e r v e d  i n  m e r c u r y  
i n  w h i c h  b o t h  t w i n  v a r i a n t s  h a v e  t h e  s a m e  p l a n e  o f  s h e a r .  S e c t i o n  4 . 3  
i s  c o n c e r n e d  w i t h  t h e  b e h a v i o u r  o f  s o m e  o f  t h e  c r y s t a l s  w h i c h  t w i n n e d  
d u e  t o  b e n d i n g .  T h e  m e t h o d  b a s e d  o n  V o n  M i s e s  c r i t e r i o n  w h i c h  w a s  
d e v e l o p e d  i n  C h a p t e r  I I I  i s  u s e d  t o  a n a l y s e  t h e  b e h a v i o u r  o f  t h e s e  
c r y s t a l s .  S e c t i o n  4 . 4  d e a l s  w i t h  t h e  o b s e r v a t i o n s  o f  t h e  g r o w t h  o f  
t w i n s  a n d  s o m e  i n t e r a c t i o n s  o f  s l i p  w i t h  t h e  t w i n  b o u n d a r y .  F u r t h e r  
o b s e r v a t i o n s  o f  t h e  t w i n  b o u n d a r y  a r e  r e p o r t e d  i n  S e c t i o n  4 . 5  i n  w h i c h  
i n c o h e r e n t  i n t e r f a c e s  a n d  i n t e r f a c e s  a s s o c i a t e d  w i t h  t w i n  i n t e r s e c t i o n s  
a r e  a n a l y s e d .  S o m e  o f  t h e  o b s e r v a t i o n s  i n  S e c t i o n  4 . 5  a r e  m a d e  o n  
f l a t  c r y s t a l s  g r o w n  b y  s l o w  c o o l i n g  o f  a  p o o l  o f  t h e  l i q u i d .
4 . 2  C o m p l e m e n t a r y  t v / i n s
4 * 2 . 1  C r y s t a l l o g r a p h y
T w o  v a r i a n t s  o f  t h e  |  I  3  5 ^  t w i n  m o d e  f r e q u e n t l y  o p e r a t e  
t o g e t h e r .  T h e s e  f o r m  a c u t e  a n g l e d  i n t e r s e c t i o n s  w i t h  a  d i s t i n c t  b a n d  
o f  s l i p  e m e r g i n g  f r o m  t h e  r e g i o n  o f  t h e  i n t e r s e c t i o n .  F i g .  4 . 1  i s  a  
m i c r o g r a p h  o f  s u c h  a n  i n t e r s e c t i o n  i n  a  f l a t  c r y s t a l  i n d e n t e d  a t  l i q u i d  
a i r  t e m p e r a t u r e .  T h e  t w i n s  a n d  s l i p  b a n d  a r e  l a b e l l e d  a ,  a '  a n d  A  
a c c o r d i n g  t o  t h e  n o t a t i o n  o f  S e c t i o n  1 . 8  T h e  l o c a l  s t r a i n  i n  t h e  
r e g i o n  o f  t h e  i n t e r s e c t i o n  c a n  b e  a c c o m m o d a t e d  a l m o s t  e x a c t l y  b y  t h e
s l i p  b a n d ,  b e c a u s e  o f  t h i s ,  t h e s e  t w i n s  h a v e  b e e n  t e r m e d  ’ c o m p l e m e n t a r y  
t w i n s * .  T h e y  a r e  i n  f a c t  t h e  p a i r s  a ,  a ’ o r b ,  b '  o r e ,  c ' .  T h e  s l i p  
a s s o c i a t e d  w i t h  t h e s e  p a i r s  a r e  A ,  B  a n d  C  r e s p e c t i v e l y .
T h e  f o l l o w i n g  c r y s t a l l o g r a p h i c  r e l a t i o n s h i p s  e x i s t  b e t w e e n  
t h e  d e f o r m a t i o n  s y s t e m s  a ,  a ’ a n d  A *
( i )  T h e  n o r m a l  t o  t h e  p l a n e  o f  s h e a r  o f  t h e  s l i p  s y s t e m  A  i s
C 2 1 1 3  .
( i i )  T h e  n o r m a l  t o  t h e  p l a n e  o f  s h e a r  o f  t h e  t w i n  v a r i a n t  a  i s  
p a r a l l e l  t o  t h e  l i n e  o f  i n t e r s e c t i o n  o f  p l a n e s  a  a n d  A *  T h i s  
d i r e c t i o n  i s L  1  +  3 c  l - c  - 4 c ^ /  w h e r e  c  i s  t h e  C o s i n e  o f  t h e  f a c e  
c e n t r e d  r h o m b o h e d r a l  a n g l e ,
( i i i )  T h e  n o r m a l  t o  t h e  p l a n e  o f  s h e a r  o f  t h e  t w i n  v a r i a n t  a ’ i s  
p a r a l l e l  t o  t h e  l i n e  o f  i n t e r s e c t i o n  o f  p l a n e s  A  a n d  a  * .  T h i s  
d i r e c t i o n  i s j T l - c  l + 3 c  - 4 c  J  »
( i v )  T h e  l i n e  o f  i n t e r s e c t i o n  o f  p l a n e s  a  a n d  a *  i s  £ T - 4 c  l + 5 c
l + 5 c  3  *
T h e s e  f o u r  d i r e c t i o n s  a r e  p l o t t e d  i n  a n  e n l a r g e d  r e g i o n  o f  
t h e  1 1 1  p r o j e c t i o n  o f  m e r c u r y  i n  F i g ,  4 , 2 ,  F o r  t h e  s t r u c t u r e  i n  
w h i c h  c  a  - 1 / 7  a l l  f o u r  d i r e c t i o n s  r e d u c e  t o  £ T  2  1  l ^ J .  I n  t h e  
m e r c u r y  s t r u c t u r e  t h e  a n g l e s  b e t w e e n  t h e s e  d i r e c t i o n s  a r e  s m a l l  a n d  
a r e  s h o w n  i n  F i g ,  4 , 2 .
T h e  f o l l o w i n g  s t r a i n  a n a l y s i s  o f  t h e s e  i n t e r s e c t i o n s  a s s u m e s  
t h a t  t h e s e  f o u r  d i r e c t i o n s  a r e  p a r a l l e l .  T h u s  i t  f o l l o w s  t h a t
( i )  T h e  t h r e e  p l a n e s  a ,  a ’ a n d  A  h a v e  a  c o m m o n  l i n e  o f  i n t e r s e c ­
t i o n ,  jT *  2  1  l " /  .
( i i )  T h e  t h r e e  s h e a r  s y s t e m s  h a v e  a  c o m m o n  p l a n e  o f  s h e a r ,  w h o s e  
n o r m a l  i s  t h e  d i r e c t i o n  C 2  I  •
( i i i )  I n  a d d i t i o n  t h e  d i r e c t i o n C  2  1  l U  a n d  t h e  r e c i p r o c a l  l a t t i c e
v e c t o r ,  ( 3  1  l ) ,  a r e  p a r a l l e l .  T h u s  t h e  p l a n e  ( 3  1  l )  i s  t h e  c o m m o n  
p l a n e  o f  s h e a r .
T h e  g e o m e t r y  o f  t h i s  i n t e r s e c t i o n  i s  s h o w n  i n  F i g .  4 . 3  w h e r e
t h e  t o p  s u r f a c e  o f  t h e  b l o c k  i s  t h e  ( 3  1  1 )  p l a n e  a n d  t h e  s l i p  d i r e c t i o n
o
Q  i s  n o r m a l  t o  t h e  s i d e  f a c e s .  T h e r e  i s  a n  a n g l e  o f  3 5  b e t w e e n  t h e  
t w o  s h e a r  d i r e c t i o n s  a  a n d  a ' .  F i g ©  4 . 4  ( i )  t o  ( i v )  s h o w s  t h e  u p p e r  
f a c e  o f  t h e  b l o c k  a n d  i l l u s t r a t e s  s c h e m a t i c a l l y  f o u r  s t a g e s  i n  t h < ;  
d e f o r m a t i o n .  F i g .  4 . 4 ( i )  i s  t h e  u n d e f o r m e d  c r y s t a l .  I n  F i g .  4 . 4 ( i i )  
a  s c h e m a t i c  c r a c k  h a s  o p e n e d  d u e  t o  t h e  t w o  t w i n  s h e a r s .  T h i s  c r a c k  
m a y  b e  c l o s e d  b y  s l i p  i n  e i t h e r  o f  t h e  t w o  p o s s i b l e  s e n s e s #  T h e  
r e s u l t i n g  d e f o r m a t i o n s  a r e  q u i t e  d i s t i n c t  a n d  a r e  s h o w n  i n  F i g s .  4 . 4
( i i i )  a n d  ( i v ) .
4 . 2 . 2  M a t r i x  r e p r e s e n t a t i o n
I n  o r d e r  t o  u n d e r s t a n d  m o r e  f u l l y  t h e  m i c r o s c o x ^ i c  e f f e c t s  o f
c o m p l e m e n t a r y  t w i n s  w e  f o r m  s t r a i n  m a t r i c e s  f o r  t h e  t v / i n  s h e a r s  r e l a t i v e
t o  t h e  o r t h o g o n a l  b a s i s  u s e d  i n  S e c t i o n  3 * 4  a n d  i l l u s t r a t e d  i n  F i g .  3 * 2 *
F o r  t h e  p u r p o s e  o f  t h i s  a n a l y s i s  w e  a s s u m e  t h a t  c  «  ~ 1  t h e r e f o r e
7
a  .  ( 5 5  i )  a = C z  1 l H
a '  = (  5  3  I )  a ’ =  C l  2  i l l
I n  t h e  o r t h o g o n a l  b a s i s
a  «  - 4 ( 2 - 2 c ) ~ 2 2 ( l - c ) “ 2 ( l + 2 c ) ” 2
X X  JL
a  =  3 ( 2 - 2 c ) a 5 ( l - c ) 3  2 ( l + 2 c ) s
93
a* =5 4(2~2c)~ 
a »  =» ~ 3 ( 2 - 2 c ) '
2 ( l - c ) ^  ( l + 2 c ) " * * a
5 ( l - c ) ( l + 2 c )
T h e n ,  t h e  p u r e  s t r a i n s  £ ( a )  a n d  & ( a ’ )  a r e  r e p r e s e n t e d  b y  t h e  s y m m e t :  
c a l  m a t r i c e s .
€  ( a ) • 2 4
Gz (a-*) *= • 2 4
- 1 8 ( 3 ) 2
20
1 8 ( 3 )
20
( 3 / 2 ) 2 (< r  - i 6 c r )
( 1/ 2 )^ (5(f+ s c r ”1 ) 
4
- ( 3  *-Oa(CT- 1 6  g '~1 )
( l / 2 ) ¥  ( 5 < T +  8  o r 1 )  
4
( 4 . x )
( 4 . 2 )
w h e r e  ( f  «  ( l - c ) ¥  ( l + 2 c ) ~ 2
T h e  s t r a i n  t o  b e  a c c o m m o d a t e d  a l o n g  t h e  l i n e  o f  i n t e r s e c t i o n  o f  
t h e  t w o  t w i n s  i s  t h e n
£ £  ( a )  -  6 ( a ' )  J  = 0 3 6 ( 3 )
0
- ( 6 ) 2(c r - i6 c r ~  ) 
o
o _
T h i s  m a t r i x  i s  p r o p o r t i o n a l  t o  t h e  s t r a i n  m a t r i x  + ( A )  f o r  s l i p  o n
p l a n e  A  d e f i n e d  i n  s e c t i o n  3 - 4  w h e r e
e u )  = 0  4 ( l + c - 2 c  ) 2 ( 2 ) s ( l - c )
0
0
s i n c e  t h e  r a t i o s  o f  t h e  n o n  z e r o  e l e m e n t s  f o r  b o t h  m a t r i c e s  a r e  e q u a l  
p r o v i d e d  t h a t  c  a  - l / y ®  T h u s  s t r a i n  a t  t h e  i n t e r s e c t i o n  m a y  b e  
a c c o m m o d a t e d  e i t h e r  b y  s l i p  (£  ( A )  o r  -  ^ ( a ) »  H o w e v e r  t h e  r e s u l t a n t  
o v e r a l l  s t r a i n s  i n £ h e  c r y s t a l  w i l l  b e  d i s t i n c t .  I t  m a y  b e  s h o w n ,  b y  
n o r m a l i s i n g  t h e  s t r a i n  m a t r i c e s ,  f o r  s l i p  a n d  t v / i n n i n g  t h a t
f e ( a ' )  =* 2 f e ( A )  +  f e ( a )  ( 4 . 4 )
T h u s  t h e  o v e r a l l  s t r a i n s  i n  t h e  t w o  c a s e s  i l l u s t r a t e d  i n  F i g .  4 , 4 ( i i i )  
a n d  ( i v )  w i l l  b e
f e ( a )  + £ ( a ' )  +  2 f e ( A )  «  2  f e ( a )
a n d  f e ( a )  + f e ( a ’ )  -  2  f e ( A )  a  2  6 ( a ' )
T h u s ,  r e f e r r i n g  t o  F i g .  4 , 4 ,  i f  t h e  s l i p  b a n d  e m e r g e s  o n  t h e  
r i g h t ,  t h e  o v e r a l  s t r a i n  i s  2  ( 5 ( a ) ;  c o n v e r s e l y  i f  i t  e m e r g e s  o n  t h e  
l e f t ,  t h e  o v e r a l  s t r a i n  i s  2  £ (  a '  )  .
T h r o u g h o u t  t h i s  s t r a i n  a n a l y s i s  w e  h a v e  a s s u m e d  t h a t  t w i n s  
a n d  s l i p  b a n d s  a r e  f i n e l y  d i s p e r s e d  s o  t h a t  t h e  o v e r a l l  s t r a i n  m a y  b e  
r e g a r d e d  a s  h o m o g e n e o u s .  I n  p a r t i c u l a r ,  w e  h a v e  a s s u m e d  t h a t  t w i n s  : >..d  
s l i p  b a n d s  d o  n o t  t e r m i n a t e  w i t h i n  t h e  c r y s t a l ®  T h i s  w a s  n o t  a l w a y s  t r u e  
i n  p r a c t i c e ,  s i n c e  t h e  s l i p  b a n d  o f t e n  t a p e r e d  a n d  h e c a m e  i n d i s c e r n i b l e  
w i t h i n  a  f e w  m i l l i m e t r e s  o f  t h e  i n t e r s e c t i o n .
4 , 2 , 3  N u m b e r  o f  i n d e p e n d e n t  t w i n  s y s t e m s
I t  i s  c o n v e n i e n t  h e r e  t o  u s e  t h e  r e l a t i o n s h i p s  w e  h a v e  d e r i v e d  
b e t w e e n  t h e  s l i p  a n d  t w i n  s t r a i n  m a t r i c e s  i n  o r d e r  t o  d e t e r m i n e  t h e  n u m ­
b e r  o f  i n d e p e n d e n t  d e f o r m a t i o n  s y s t e m s  i n  m e r c u r y *  V o n  M i s e s  c o n s i d e r e d  
s l i p  o n  a  s i n g l e  p l a n e  i n  b o t h  p o s i t i v e  a n d  n e g a t i v e  d i r e c t i o n s  a s  a
s i n g l e ,  ’ - h o l e  d e f a "  n a t i o n  s y s t e m .  O n  t h i s  b a s i s ,  t w i n n i n g , w h i c h  c a n
o c c u r  o n l y  i n  t h e  p o s i t i v e  d i r e c t i o n  o f  m a y  b e  c o n s i d e r e d  a s  h a l f
a  d e f o r m a t i o n  s y s t e m ,  K e c k s  ( 1 9 6 7 ) #
I n  m e r c u r y  t h e r e  a r e  t h r e e  s l i p  a n d  s i x  t w i n  v a r i a n t s ,  t h * . ;  
c o u n t s  a s  a  t o t a l  o f  s i x  w h o l e  d e f o r m a t i o n  s y s t e m s .  T h e r e  a r e  f o u r  
r e l a t i o n s h i p s  b e t w e e n  t h e  s t r a i n  m a t r i c e s  o f  t h e s e  s y s t e m s .
£ (  A )  +  g ( B )  + € ( C )  * *  0  ( 4 . 5 )
£ ( a ' )  =  2 £ ( A )  + £ ' ( a ) ;  £ ( b ' )  =  2  £ ( B )  ^ £ ( b )  ; £ ( c ' ) =  2 C (  C ) f ^ ( c )
( 4 . 6 )
S u b s t i t u t i n g  r e l a t i o n s h i p s  ( 4 . 6 )  i n  ( 4 * 5 )  w e  o b t a i n
( a )  +  £ ( f o )  +  £ : ( c )  = € ( a '  )  +  C “( b *  ) + ( £ ' t ( c * )  ( 4 . 7 )
T h e  r e l a t i o n s h i p  ( 4 . 7 )  e l i m i n a t e s  h a l f  a  d e f o r m a t i o n  s y s t e m *
T h u s ,  o f  a  t o t a l  o f  3  t v / i n  d e f o r m a t i o n  s y s t e m s ,  a r e  i n d e p e n d e n t .
S i m i l a r l y ,  c o n s i d e r i n g  t h e  s l i p  a n d  t w i n n i n g  s y s t e m s  t o g e t h e r ,  r e l a ~  
t i o n s h i p s  ( 4 . 5 )  a n d  ( 4 . 6 )  e l i m i n a t e  1  a n d  i j  w h o l e  d e f o r m a t i o n  s y s t c  .. 
r e s p e c t i v e l y .  T h u s ,  o f  a  t o t a l  o f  6  d e f o r m a t i o n  s y s t e m s ,  j i  a r e  
i n d e p e n d e n t .  T a b l e  4 . 1  s u m m a r i s e s  t h e s e  r e s u l t s *
T a b l e  4 . 1
D e f o r m a t i o n  s y s t e m s s l i p t w i n n i n g s l i p  a n d  t v / i n n i n g
T o t a l  n u m b e r 3 3 6
N u m b e r  i n d e p e n d e n t 2 2 1 - 3 i
N e i t h e r  s l i p  n o r  t w i n n i n g  a  ".on e  n o r  a  c o m b i n a t i o n  o f  b o t h  
g i v e  t h e  f i v e  i n d e p e n d e n t  d e f o r m a t i o n  s y s t e m s  n e c e s s a r y  t o  a c c o m m o d a t e  
a n y  h o m o g e n e o u s  d e f o r m a t i o n ®  H o w e v e r , t w i n n i n g ,  i n  a d d i t i o n  t o  i n ­
c r e a s i n g  t h e  n u m b e r  o f  i n d e p e n d e n t  m o d e s  f r o m  2  t o  3 J 1 i n c r e a s e s  t h e  
n u m b e r  o f  s y s t e m s  f r o m  w h i c h  t h e s e  m a y  b e  c h o s e n  f r o m  3  b o  6 .
4 . 2 , 3  S o m e  o b s e r v a t i o n s  o f  c o m p l e m e n t a r y  t w i n s
C o m p l e m e n t a r y  t w i n  i n t e r s e c t i o n s  w e r e  f r e q u e n t l y  o b s e r v e d  
i n  b o t h  i n d e n t e d  f l a t  c r y s t a l s  a n d  i n  c r y s t a l s  s u b j e c t  t o  b e n d i n g ®  I n  
s o m e  c r y s t a l s  a  n e t w o r k  o f  c o m p l e m e n t a r y  t w i n s  w a s  f o r m e d  a s  s h o w n  i n  
t h e  m i c r o g r a p h  F i g ®  4 . 5 .  O c c a s i o n a l l y  t h e  s l i p  b a n d  j o i n e d  t w o  i n t e r ­
s e c t i o n s  a s  i n  t h i s  m i c r o g r a p h .  I n  m o s t  c a s e s  t h e  s l i p  b a n d  d i s a p ­
p e a r e d  w i t h i n  0 . 5  m m . o f  t h e  i n t e r s e c t i o n  s o  t h a t  t h e  m i c r o s c o p i c  
s t r a i n  w a s  t h a t  d u e  t o  t h e  t w o  t w i n s  o n l y .
I n  f i v e  o f  t h e  s e v e n  c r y s t a l s  w h i c h  d e f o r m e d  b y  t v / i n n i n g  
d u r i n g  t h e  b e n d i n g  t e s t s ,  p a i r s  o f  c o m p l e m e n t a r y  t w i n s  w e r e  o b s e r v e d ®  
T h e  t w i n s  d i d  n o t  a l w a y s  p o s s e s s  a  c o m m o n  i n t e r f a c e .  F o r  e x a m p l e ,  
i n  c r y s t a l  3 8  ° f  F i g .  4 . 1 2  a n d  4 . 1 3  t w i n  a ’ t a p e r s  t o w a r d s  t h e  b o u n d ­
a r y  o f  t w i n  a .
C o m p l e m e n t a r y  t w i n  i n t e r s e c t i o n s  w e r e  c o m m o n  o n  t h e  Y  f a c e s '  
o f  b e n t  c r y s t a l s .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  4 . 6  ( i )  a n d  ( i i )  w h i c h  
a r e  m i c r o g r a p h s  o f  t h e  Y  f a c e s  o f  c r y s t a l  4 2  a n d  4 5 .  I n  t h i s  c a s e  
t w i n s  g r o w i n g  f r o m  t h e  o u t e r  f i b r e  w o u l d  i d e a l l y  t a p e r  t o  a  p o i n t  a t  
t h e  n e u t r a l  p l a n e .  T h e  e l a s t i c  e n e r g y  o f  t h i s  w e d g e - s h a p e d  t w i n  
d e p e n d s  o n  t h e  a n g l e  o f  t a p e r  6 .  A  s c h e m a t i c  d i a g r a m  o f  t h i s  i s  
s h o w n  i n  F i g s .  4 - . 6 ( i i i )  a n d  ( i v ) .  T h e  e l a s t i c  s t r a i n  e n e r g y  o f  t h e  
t w i n  i n t e r f a c e s  w i l l  b e  h a l v e d  i f  t h e  t w i n  s p l i t s  i n t o  t h e  t w o  c o m p l e ­
m e n t a r y  t w i n s  a  a n d  a ’ *  I f  t h e  p r o c e s s  o c c u r s  a t  a  r a p i d  r a t e ,  s u c h  
t h a t  i n i t i a l l y ,  s t r a i n s  c a n  o n l y  b e  a c c o m m o d a t e d  e l a s t i c a l l y *  T h e n
t h e r e  w i l l  b e  a  f u r t h e r  e l a s t i c  s h e a r  s t r a i n  s e t  u p  a l o n g  t h e  l i n e  o f  
i n t e r s e c t i o n *  T h i s  w i l l  e v e n t u a l l y  b e  a c c o m m o d a t e d  b y  s l i p *  T h e  
e l a s t i c  e n e r g i e s  a r e  p r o p o r t i o n a l  t o  t h e  e l a s t i c  s h e a r  m o d u l i  a s s o c i ­
a t e d  w i t h  e a c h  d e f o r m a t i o n  m o d e *  T h u s  b y  o b s e r v i n g  t h e  o r i e n t a t i o n s  
f o r  w h i c h  t h i s  p r o c e s s  i s  e n e r g e t i c a l l y  f a v o u r a b l e  a n d  c o m p a r i n g  w i . - h  
t h o s e  f o r  w h i c h  i t  i s  n o t ,  i t  s h o u l d  b e  p o s s i b l e  t o  s e t  u p p e r  a n d  T im e r  
l i m i t s  f o r  t h e  r a t i o  o f  t h e  e l a s t i c  s h e a r  m o d u l i  a s s o c i a t e d  w i t h  t h e  
t w o  m o d e s  o f  d e f o r m a t i o n ;  n a m e l y ,  t w i n n i n g  a n d  l o n g  d i a g o n a l  s l i p . .  I t  
w o u l d  b e  i n t e r e s t i n g  t o  c o m p a r e  t h e s e  l i m i t s  v i t h  t h e  v a l u e  d e t e r m i n e d  
f r o m  a n i s o t r o p i c  e l a s t i c i t y  t h e o r y  b y  M o 0 .  T u c k e r  ( 1 9 6 6 )  o f  t h i s  
D e p a r t m e n t *
T h e  r e a s o n s  w h y  p a i r s  o f  c o m p l e m e n t a r y  t w i n s  o p e r a t i n g  
t o g e t h e r  a r e  p r e f e r r e d  t o  s i n g l e  t w i n s  m a y  b e  s u m m a r i s e d  a s  f o l l o w s :
( i )  T h e  p l a s t i c  s t r a i n  i s  d i s t r i b u t e d  m o r e  e v e n l y  t h r o u g h  
t h e  c r y s t a l *
( i i )  A  g r e a t e r  r a n g e  o f  s t r a i n s  m a y  b e  a c c o m m o d a t e d *
( i i i )  T h e  e l a s t i c  s t r a i n  e n e r g y  m a y  b e  r e d u c e d  i n  i n h o m o g e -
I t  w a s  s h o w n  i n  S e c t i o n  3 - 4  t h a t  p l a s t i c  b e n d i n g  m a y  b e  
a c c o m m o d a t e d  b y  s l i j )  o n  t w o  p l a n e s  i n  e q u a l  p r o p o r t i o n s ,  x ^ o v i d Q d  t h a t  
t h e  p l a n e  o f  b e n d i n g ,  Y ,  i s  a  m i r r o r  p l a n e *  T h u s  f o r  m e r c u r y ,  t h e  Y
n e o u s  s t r e s s  & e l d s «
4 * 3  A c c o m m o d a t i o n  o f  a  b e n d i n g  s t r a i n  b y  t w i n n i n g
4 * 3 - 1  S t r a i n  a n a l y s i s
I n  t h i s  o r i e n t a t i o n
b e n d i n g  m a y  a l s o  b e  a c c o m m o d a t e d  o n  t h e  t e n s i o n  s i d e  o f  t h e  n e u t r a l  
a x i s  b y  t h e  o p e r a t i o n  i n  e q u a l  p r o p o r t i o n s  o f  t h e  t w o  c o m p l e m e n t a r y  
t w i n s  a  a n d  a ’ ,  w h i c h  a r e  m i r r o r  i m a g e s  o f  e a c h  o t h e r  i n  t h e  (  1  1  0 )  
p l a n e .  T h i s  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F i g .  4 . 3  f o r  t h e  p a r t i c u l a r  
c a s e  w h e n  X  i s  p a r a l l e l  t o  a  < ^ 2  1  I n d i r e c t i o n .  T h e  s t e r e o g r a m  F i g .  
4 * 7  i s  a  p r o j e c t i o n  o f  t h i s  c r y s t a l  o n  t h e  X  p l a n e  a n d  s h o w s  t h e  '■ i p  
p l a n e s  B  a n d  C  w h i c h  m a y  a l s o  a c c o m m o d a t e  b e n d i n g  o n  b o t h  t e n s i o n  a n d  
c o m p r e s s i o n  s i d e s  o f  t h e  n e u t r a l  a x i s .
I t  i s  e x p e c t e d  t h a t  f o r  t h i s  o r i e n t a t i o n  s l i p  w o u l d  o p e r a t e  
r a t h e r  t h a n  t w i n n i n g  d u e  t o  t h e  l o w e r  c r i t i c a l  r e s o l v e d  s h e a r  s t r e s s  
f o r  s l i p ©  I n  o r i e n t a t i o n s  i n  w h i c h - t h e  Z  a x i s  i s  n e a r < ^ l  1  0 /  t w i n ­
n i n g  w o u l d  b e  e x p e c t e d  h o w e v e r ,  b e c a u s e  o f  t h e  l o w  v a l u e  o f  ^ £ j ( s ) *
T h e  t y p e  o f  o r i e n t a t i o n  f o r  w h i c h  c o m p l e m e n t a r y  t w i n s  w e r e  
o b s e r v e d  i n  b e n d i n g  i s  s h o w n  i n  F i g .  4 . 8 .  T h e < ^ l  1  o/>  d i r e c t i o n ,  i s  
n o  l o n g e r  p a r a l l e l  t o  Y ,  b u t  i s  s t i l l  i n  t h e  Z  p l a n e .  T h e  d i r e c t i o n  
< ^ 2  1  l ^ a l s o  r e m a i n s  i n  t h e  Z  p l a n e .  T h e  b e n d i n g  c r i t e r i o n  ( 3 * 7 )  f o * "  
s l i p  o r  t w i n n i n g  o n  j u s t  t w o  s y s t e m s  B  a n d  C  o r  a  a n d  a *  c a n n o t  n o x v  b e  
s a t i s f i e d .  I t  i s  u s e f u l  h o w e v e r  t o  s e e  w h e t h e r  s l i p  o n  t h r e e  s y s t e m s  
c o u l d  a c c o m m o d a t e  b e n d i n g  f o r  t h i s  t y p e  o f  o r i e n t a t i o n ©  I n  o r d e r  to  
d o  t h i s  w e  m u s t  d e t e r m i n e  w h e t h e r  t h e  d e t e r m i n a n t s ^  a s  d e f i n e d  i n  
S e c t i o n  3 * 3  a r e  n o n  z e r o  f o r  t i e  s y s t e m s  t a k e n  i n  p a i r s .  T w o  T a b l e s
4 . 1  a n d  4 . 2  l i s t  t h e  e l e m e n t s  £ 0 ,  £  0 0  a n ( i d £  f o r  t h e  s l i p  o r  t w i nJL2 2jj j j
v a r i a n t s  A ,  B , C ,  a  a n d  a 1 .  T h e  e l e m e n t s  £ - 0  a n d C ; , ^  a r e  r e l e v a n t  t o12 23
t h e  d e t e r m i n a n t s ,  a n d  t h e  e l e m e n t s  £  ^  d e t e r m i n e  t h e  a m o u n t  o f  
t e n s i l e  s t r a i n  a l o n g  t h e  a x i s  o f  t h e  c r y s t a l .  T h e s e  t w o  t a b l e s  g i v e  
t h e s e  t h r e e  e l e m e n t s  f o r  t h e  o r i e n t a t i o n s  s h o w n  i n  F i g s .  4 . 7  a n d  4 . 8  
r e s p e c t i v e l y .  T h e  c o n d e n s e d  n o t a t i o n  d  t o  &  i s s u e d  t o  r e p r e s e n tX (
p o s i t i v e  s t r a i n s  i n  b o t h  o f  t h e s e  t a b l e s .  N o t e  t h a t  t h e s e  s t r a i n s  
s a t i s f y  t h e  e q u a t i o n s  ( 4 . 5 )  a n d  ( 4 . 6 ) .
T h e  b e n J i n g  c r i t e r i a  f o r  t h r o e ,  s y s t e m s  d e r i v e d  i n  S e c t i o n  '
3 * 3 »  t h e  u n e q u a l i t i e s  ( 3 * 6 ) ,  a r e  s a t i s f i e d  f o r  f o u r  c o m b i n a t i o n s  o f
t h e s e  f i v e  s y s t e m s ,  n a m e l y :  B  C  a ;  B C a ' ;  B a a 1 ; C  a  a 1 ® V7e m a y
n o w  u s e  e q u a t i o n s  ( 3 * 5 )  t o  d e t e r m i n e  t h e  p r o p o r t i o n s  o f  s l i p  o n  e a c h
s y s t e m  a ( B ) ,  a ( C ) ,  a ( a ) ,  a ( a ’ )  f o r  e a c h  o f  t h e s e  f o u r  c a s e s .  S i n r . j
t h e  t w i n n i n g  s h e a r  m u s t  a l w a y s  b e  p o s i t i v e ,  a ( a )  a n d  o c ( a ’ )  m u s t  a . ' ; . t o
b e  p o s i t i v e .  T h e  n e t  a m o u n t  o f  t e n s i l e  s t r a i n  c a n  t h u s  b e  c a l c u l a t e d .
S i n c e  e a c h  o f  t h e  d e f o r m a t i o n  m o d e s  B  C  a  a n d  a ’ h a v e  a p p r o x i m a t e l y  t h e
s a m e  v a l u e  o f  f e  ( e  -  © .  ) .  T h u s  t h e  n e t  t e n s i l e  s t r a i n  f o . v  e a c h  
3 3  3  ^
o f  t h e  f o u r  c o m b i n a t i o n s  w i l l  b e  t h e  s a m e  p r o v i d e d  t h a t  th < w  a l p h a s  a r e  
n o r m a l i s e d .
4 . 3 * 2  D i s c u s s i o n  o f  b e n d i n g  r e s u l t s
F o u r  c r y s t a l s  i n  w h i c h  f e ^ ( S )  w a s  o f  a b o u t  t h e  s a m e  m a g n i t u d e  
o r  g r e a t e r  t h a n £ ~ ^ ( T )  d e f o r m e d  b y  t h e  o p e r a t i o n  o f  c o m p l e m e n t a r y  
t w i n s .  T h e  o r i e n t a t i o n  o f  t h e s e  c r y s t a l s  a r e  s i m i l a r  i n  t h a t  t h e y  a l l  
h a v e  a < C ^ l  1  0  d i r e c t i o n  c l o s e  t o  t h e  Z  p l a n e .  C r y s t a l s  3 8  a n d  4 5  
h a v e  v e r y  s i m i l a r  o r i e n t a t i o n s  t o  t h e  t y p e  s h o w n  i n  F i g .  4 . 8 .  T h e  
s l i p  a n d  t w i n  s y s t e m s  o n  w h i c h  c r y s t a l s  d e f o r m e d  a r e  s u m m a r i s e d  i n  
T a b l e  4 * 4 .  A l l  d e f o r m e d  o n  t w o  c o m p l e m e n t a r y  t w i n  m o d e s  a n d  o n e  o r  t w o  
s l i p  s y s t e m s .  D e f o r m a t i o n -  a l w a y s  o c c u r r e d  o n  t h e  s l i p  v a r i a n t  h a v i n g  
t h e  s a m e  p l a n e  o f  s h e a r  a s  t h e  c o m p l e m e n t a r y  t v / i n s .  T h i s  s y s t e m  n o  
d o u b t  a c t s  a s  a  m e a n s  o f  t w i n  a c c o m m o d a t i o n  s i n c e  i t  d o e s  n o t  c o n t r i ­
b u t e  t o  h e  b e n d i n g  s t r a i n .  H o i y e v e r  t h r e e  o f  t h e  c r y s t a l s  d e f o r m e d  o n  
a  s e c o n d  s l i p  s y s t e m  a l s o .  I t  i s  p o s s i b l e  t h a t  t h e  f o u r t h  c r y s t a l ,
4 2 ,  a l s o  d e f o r m e d  o n  a  s e c o n d  s l i p  s y s t e m ,  t h o u g k  s l i p  l i n e s  w e r e  n o t  
d e t e c t e d .  T h u s  t h e  b e h a v i o u r  o f  t h e s e  c r y s t a l s  i s  c o n s i s t e n t  w i t h  t h e  
a n a l y s i s  i n  t h e  p r e v i o u s  s u b s e c t i o n .  T h e  s i m i l a r i t y  o f  t h e i r  o r i e n t a ­
t i o n s  t o  t h a t  o f  F i g *  4 . 8  i s  i l l u s t r a t e d  f o r  c r y s t a l  4 5  i n  T a b l e  4 . 3
w h i c h  w h e n  c o m p a r e d  w i t h  T a b l e  4 . 2  s h o w s  t h a t  t h e  e l e m e n t s  <Er _ 0 ,  n12
a n d  € ^ 3  h a v e  a p p r o x i m a t e l y  t h e  s a m e  r e l a t i v e  m a g n i t u d e s .
N o t e  t h a t  t h e s e  c r y s t a l s  p r e f e r r e d  t o  d e f o r m  o n  t w o  c o m p l e ­
m e n t a r y  t w i n  v a r i a n t s  p l u s  a n  i n d e p e n d e n t  s l i p  v a r i a n t  r a t h e r  t h a n  
t w o  s l i p  v a r i a n t s  a n d  o n e  i n d e p e n d e n t  t w i n  v a r i a n t ,  a l t h o u g h  b o t h  s y s ­
t e m s  a c c o m m o d a t e  t h e  b e n d i n g  s t r a i n  e q u a l l y  w e l l .  T h e r e  a r e  s e v e r a l  
p o s s i b l e  r e a s o n s  f o r  t h i s :  p a i r s  o f  c o m p l e m e n t a r y  t w i n s  c a n  d i s t r i b u t e  
t h e  m a c r o s c o p i c  s t r a i n  m o r e  e v e n l y ;  d o u b l e  s l i p  m a y  c a u s e  r a p i d  
h a r d e n i n g  o f  t h e  c r y s t a l  d u e  t o  t h e  f o r m a t i o n  o f  d i s l o c a t i o n  l o c k s ;  
s l i p  w i l l  b e  i m p e d e d  b y  t h e  p r e s e n c e  o f  t w i n  b o u n d a r i e s .
I n  S e c t i o n  3 * ^  i ' t  w a s  s t a t e d  t h a t  t w o  c r y s t a l s  w e r e  n o t  
g r o w n  b y  t h e  m e t h o d  d e s c r i b e d  i n  t h a t  S e c t i o n .  T h e s e  w e r e  c r y s t a l s  3 8  
a n d  4 2  w h i c h  w e r e  l a r g e  g r a i n s  o f  p o l y c r y s t a l l i n e  s p e c i m e n s .  “. V t h  
w e r e  o n  t h e  t e n s i o n  s i d e  o f  t h e  n e u t r a l  a x i s .  C r y s t a l  3 8  w a s  a  g r a i n  
a b o u t  4  m m . i n  l e n g t h ,  f i r m e d  b y  r e c r y s t a l l i s a t i o n *  C r y s t a l  4 2  w a s  a n  
e x t e n s i v e  f l a t  g r a i n  c o v e r i n g  t h e  w h o l e  w i d t h  o f  h e  s p e c i m e n  i n  t h e  X  
p l a n e *  T h i s  c r y s t a l  w a s  f o r m e d  b y  s l o w  c o o l i n g  o f  t h e  m e r c u r y  i n  t h e  
s q u a r e  m o u l d .  I t  c o n t a i n e d  s o m e  s u b - g r a i n  b o u n d a r i e s *  T h e s e  t w o  
c r y s t a l s  w e r e  o r i e n t e d  f r o m  a  t w o  s u r f a c e  a n a l y s i s  o f  t h e  c o m p l e m e n t a r y  
t w i n  t r a c e s .  T h e r e  i s  s u f f i c i e n t  i n f o r m a t i o n  f r o m  t h e s e  t r a c e s  o n  t w o  
f a c e s ,  t o  d e t e r m i n e  t h e  o r i e n t a t i o n  u n i q u e l y .  T h e  o r i e n t a t i o n s  w e r e  
c o n f i r m e d  f r o m  s l i p  t r a c e s  a n d  t w i n  t i l t s .  O f  a  t o t a l  o f  s e v e n  g r - ' .  v . i s  
o n  t h e  t e n s i o n  s u r f a c e s  o f  t h e s e  t w o  S £ 3 e c i m e n s ,  t h r e e  d e f o r m e d  b y  t v / i n ­
n i n g  a n d  f o u r  b y  s l i p .  F r o m  t h e  m o r p h o l o g y  o f  t h e  t r a c e s ,  s e e  F i g s .  
4 * 6 ( i i )  a n d  4 * 1 3 ,  i t  i s  u n l i k e l y  t h a t  t w i n s  w e r e  n u c l e a t e d  a t  g r a i n  
b o u n d a r i e s ,  a n d  s o  i t  w a s  c o n s i d e r e d  j u s t i f i a b l e  t o  i n c l u d e  t h e s e  t w o  
c r y s t a l s  w i t h  t h e  s i n g l e  c r y s t a l  r e s u l t s .  I n  t h e  c a s e  o f  c r y s t a l  
4 2  h o w e v e r ,  t w i n n i n g  m a y  h a v e  b e e n  e n h a n c e d  b y  t h e  p r e s e n c e  o f  s u b ­
g r a i n  b o u n d a r i e s .
4 * 3 * 3  A c c o m m o d a t i o n  o f  c o m p r e s s i y e  s t r a i n
N o  s i n g l e  t w i n s  o r  c o m p l e m e n t a r y  t w i n  p a i r s  w e r e  o b s e r v e d
o n  t h e  c o m p r e s s i o n  s i d e  o f  a n y  s p e c i m e n s .  I n  t h e  c a s e  o f  c o m p l e m e n t a r y  
t w i n s  t h i s  m a y  b e  e x p l a i n e d  w i t h  r e f e r e n c e  t o  F i g .  4 . 9 »  I n  t h i s  
f i g u r e  t h e  g r e a t  c i r c l e s  w i t h  a ,  a ’ ,  a  a n d  a ’ a s  p o l e s  a r e  p l o t t e d .
T h e s e  d e f i n e  t h e  b o u n d a r i e s  b e t w e e n  r e g i o n s  o f  p o s i t i v e  a n d  n e g a t i v e
£  f o r  t h e s e  t w o  c o m p l e m e n t a r y  t v / i n s .  T h e s e  r e g i o n s  a r e  l a b e l l e d  
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T  a n d  C ,  d e n o t i n g  t w i n n i n g  u n d e r  t e n s i o n  a n d  c o m p r e s s i o n  r e s p e c t i v e l y .  
T h e  p r i m e d  a n d  u n p r i m e d  l e t t e r s  r e f e r  t o  t h e  t w o  v a r i a n t s  a ! a n d  a c  
R e g i o n s  o f  Z - o r i e n t a t i o n  i n  w h i c h  c o m p l e m e n t a r y  t w i n n i n g  i s  in o s  
p r o b a b l e  u n d e r  t e n s i o n  a r e  t h o s e  l a b e l l e d  T  T ’ .  I n  t h e s e  r e g i o n s ,
^ 3 3  P ° s d ‘t : *-v e  f ° r  L o t h  t w i n s .  C o n v e r s e l y  t h o s e  l a b e l l e d  C  C ‘ a r e  
r e g i o n s  i n  w h i c h  £ ^ 3  n e 9a f  f ° r  b o t h  t w i n s *
C r y s t a l s  w h o s e  Z - a r x e s  l i e  i n  T  T 1 h a v e  a  m i r r o r  p l a n e  c l o s e  
t o  t h e  Z - a x i s  o f  t h e  c r y s t a l .  F o r  t h e s e  o r i e n t a t i o n s  t h e  s t r a i n  
p r o d u c e d  b y  t w i n n i n g  o n  a  a n d  a ’ i s  p u r e  t e n s i l e  s t r a i n  a l o n g  Z .  A  
c r y s t a l  w h o s e  Z - a x i s  l i e s  i n  C  C  d o e s  n o t  h a v e  a  m i r r o r  p l a n e  l y i n g  
p a r a l l e l  t o  Z  a x i s .  T w i n n i n g  o n  a  a n d  a 1 d o e s  n o t  t h e n  p r o d u c e  a  p u r e  
t e n s i l e  s t r a i n ,  u n l e s s  Z  l i e s  p a r a l l e l  t o  t h e  j j L  1  c T J d i r e c t i o n .  T h u s ,  
c o m p r e s s i v e  s t r a i n  c a n  b e  a c c o m m o d a t e d  b y  c o m p l e m e n t a r y  t w i n  p a i r s  f o r  
o n e  p a r t i c u l a r  o r i e n t a t i o n  o n l y ,  w h e r e a s  f o r  t e n s i l e  s t r a i n  a n y  Z -  
o r i e n t a t i o n  l y i n g  i n  t h e  m i r r o r  p l a n e  c a n  b e  a c c o m m o d a t e d  e x a c t l y  L ;  
t w i n n i n g .  O r i e n t a t i o n s  s l i g h t l y  o f f  t h e  i d e a l  c a n  b e  a c c o m m o d a t e d  
a  c o m b i n a t i o n  o f  c o m p l e m e n t a r y  t w i n  p a i r s  a n d  s l i p .
F o r  o r i e n t a t i o n s  i n  w h i c h  Z  i s  p a r a l l e l  t o  a  < 1  1  0 >ft ^
d i r e c t i o n  £ ^ 3  z e r o  f ° r  l ° n 9  d i a g o n a l  s l i p  v a r i a n t s .  T h e  
l a r g e s t  p o s i t i v e  a n d  n e g a t i v e  v a l u e s  o f  £ ^ 3  f ° r  + h e  t w i n  v a r i a n t s  a r e  
0 . 2 5  a n d  - 0 . 1 0  r e s p e c t i v e l y  a t  C 1  1  0  .  T h u s  f o r  Z - o r i e n t a t i o n s
c l o s e  t o  < £ l  1  0 >  t v / i n n i n g  i s  m u c h  m o r e  l i k e l y  i n  t e n s i o n  t h a n  i n  
c o m p r e s s i o n .  T h i s  e x p l a i n s  w h y  n o  t w i n s  w e r e  o b s e r v e d  o n  t h e  c o m p r e s ­
s i v e  s i d e  o f  t h e  n e u t r a l  p l a n e  i n  r e g i o n  P  o f  t h e  u n i t  t r i a n g l e .
R e g i o n  P  i s  t h e  r e g i o n  o f  t h e  u n i t  t r i a n g l e  i n  w h i c h  &  i s  l o w  f o r
3 3
l o n g  d i a g o n a l  s l i p  b u t  n o t  f o r  t w i n s  a n d  i s  s h o w n  i n  F i g .  3 * 8 .
4 . 4  T w i n  g r o w t h  a n d  t h e  i n t e r a c t i o n  o f  s l i p  w i t h  t h e
t w i n  b o u n d a r y
4 . 4 . 1  G e n e r a l  f e a t u r e s  o f  g r o w t h
T h e  a p p e a r a n c e  o f  a  t w i n  a t  t h e  s u r f a c e  o f  t h e  c r y s t a l  w a s  
a l w a y s  a c c o m p a n i e d  b y  a  c l i c k .  T h e  w i d t h  o f  t w i n s  w h e n  f i r s t  o b s e r v e d  
w a s  u s u a l l y  0 . 5  p m  t o  1 0  p m ;  t h e  w i d e s t  p a r t  o f  t h e  t w i n  w a s  a t  t h e  
l a t e r a l  e d g e  o f  t h e  t e n s i l e  f a c e .  T h e  a n g l e  b e t w e e n  t h e  t w o  t w i n  
b o u n d a r i e s  w a s  a b o u t  0 . 5 °  o r  l e s s  o n  t h e  X  f a c e .  I n  m o s t  c a s e s  t h e  
t w i n s  s p a n n e d  t h e  w h o l e  w i d t h  o f  t h e  c r y s t a l  a t  t h e i r  f i r s t  a p p e a r a n c e .
T w i n s  i n c r e a s e d  i n  w i d t h  f o r  s u c c e s s i v e  i n c r e a s e s  i n  s t r a i n  
u n t i l  g r o w t h  s t o p p e d  w h e n  t h e  w i d t h  w a s  o f  t h e  o r d e r  o f  1 0 0  m i c r o n s .  
O t h e r  t w i n s  n u c l e a t e d  w h i l e  t w i n s  w h i c h  h a d  f o r m e d  e a r l i e r  w e r e  s t i l l  
g r o w i n g .  T h e  t e n s i l e  s t r a i n s  i n  t h e  o u t e r  f i b r e  a t  t h e  a p p e a r a n c e  o f  
t h e  f i r s t  t w i n ,  a r e  s h o w n  i n  T a b l e  4 . 5  f o r  t h r e e  c r y s t a l s  5 0 ,  5 8  a n d  6 1 .
T a b l e  4 . 5
C r y s t a l  n o . 5 0 5 8 6 1
T e n s i l e  s t r a i n  % 0 . 2 5 1 0 . 4 5 1 . 1 5
C r y s t a l  6 l  w a s  e x c e p t i o n a l  i n  t h a t  i t  s l i p p e d  c o n s i d e r a b l y  b e f o r e  
t w i n n i n g .  I n  t h e  r e m a i n i n g  s i x  c r y s t a l s ,  t w i n s  f i r s t  a p p e a r e d  a t  
s t r a i n  o f  a b o u t  0 , 5 %  o r  l e s s .  I n  c r y s t a l s  4 2 ,  4 5 ,  4 7  a n d  5 8 ,  b o t h
c o m p l e m e n t a r y  t w i n s  a p p e a r e d  s i m u l t a n e o u s l y .
4 , 4 . 2  R e l a t i o n s h i p s  b e t w e e n  s l i p  p l a n e s  i n  p a r e n t  a n d  t w i n
m a t e r i a l
E a c h  o f  t h e  t h r e e  s l i p  p l a n e s  A ,  B  a n d  C  h a v e  d i f f e r e n t  
c r y s t a l l o g r a p h i c  r e l a t i o n s h i p s  w i t h  a  p a r t i c u l a r  t w i n  v a r i a n t .  C o n ­
s i d e r  t h e  r e l a t i o n s h i p  o f  t h e  p l a n e s  A ,  C  a n d  B  w i t h  t h e  t w i n  a  a n d  t h e
t h r e e  s l i p  p l a n e s  i n  t h e  t w i n :  A ( a ) ,  C ( a ) ,  B ( a ) .
S l i p  p l a n e  A  i s  t h e  u n d i s t o r t e d  p l a n e  o f  t w i n  a .  T h e  t w i n ­
n i n g  t r a n s f o r m a t i o n  r o t a t e s  A  t h r o u g h  3 5 * 2 °  a b o u t  * C 2  1  l 3  1 ? t h e  
n o r m a l  t o  t h e  p l a n e  o f  s h e a r .  T h e  p l a n e s  A ,  a  a n d  A ( a )  h a v e  a  c o m m o n  
l i n e  o f  i n t e r s e c t i o n  a l o n g  ’ C 2  i  i J  ' *
S l i p  p l a n e  C  c o n t a i n s  t h e  t w i n  s h e a r  d i r e c t i o n  T } ^ .  T h i s  
p l a n e  a n d  t h e  t r a n s f o r m e d  p l a n e  C ( a )  a r e  p a r a l l e l .  T h e  p l a n e  C ( a )  r e ­
m a i n s  a  s l i p  p l a n e ,  b u t ,  d i r e c t i o n s  l y i n g  i n  i t  a r e  d i s t o r t e d ,  r e s u l t i n g  
i n  a  r o t a t i o n  r e l a t i o n s h i p  t o  C «  T h e  a x i s  o f  r o t a t i o n  i s  t h e  n o r m a l  t o  
C  a n d  t h e  a n g l e  o f  r o t a t i o n  a b o u t  1 7 ° *
S l i p  p l a n e  B  i s  t r a n s f o r m e d  i n t o  a n  £  0  0  l j j  p l a n e  i n  t h e
t w i n .  C o n v e r s e l y ,  t h e  t h i r d  s l i p  p l a n e  i n  t h e  t w i n ,  B ( a ) ,  i s  t r a n s ­
f o r m e d  f r o m  a  £ o  0  1 ^  p l a n e  i n  t h e  p a r e n t  m a t e r i a l .
T h e  p l a n e s  A  a n d  C  b o t h  h a v e  l i n e s  o f  i n t e r s e c t i o n  w i t h  A ( a )  
a n d  C (  a )  r e s p e c t i v e l y  l y i n g  i n  t h e  t w i n  h a b i t  p l a n e .  T h u s  i t  i s  
p o s s i b l e ,  i n  t h e s e  t w o  c a s e s ,  f o r  s l i p  d i s l o c a t i o n  t o  p a s s  t h r o u g h  t h e  
t w i n  b o u n d a r y  l e a v i n g  t w i n n i n g  d i s l o c a t i o n s  i n  t h e  b o u n d a r y ,  w h i c h  c a n  
t h e n  g i v e  r i s e  t o  t w i n  b o u n d a r y  m o v e m e n t .  I n t e r a c t i o n s  o f  t h i s  k i n d  
w e r e  l o o k e d  f o r  i n  t h e  b e n d i n g  t e s t s .
o 1 0 4 *
D e t a i l e d  o b s e r v a t i o n s  o f  t v / i n  g r o w t h  w e r e  m a d e  o n  t w o  o f  t h e  
s e v e n  c r y s t a l s  w h i c h  d e f o r m e d  b y  t w i n n i n g .  T h e s e  w e r e  c r y s t a l s  3 8  
a n d  5 0 -  T h e  n o t a t i o n  u s e d  w h e n  d e s c r i b i n g  t h e s e  c r y s t a l s  i n  C h a p t e r  
I I I  a n d  S e c t i o n  4 . 3  h a s  h e r e  b e e n  c h a n g e d  s l i g h t l y  f o r  c o n v e n i e n c e .
T h e  t w i n s  a r e  n o w  a s s i g n e d  t o  t h e  p l a n e  a .  T h u s  i n  b o t h  c r y s t a l s  t h e  
n o t a t i o n  u s e d  f o r  t h e  t w i n  p l a n e  c h a n g e s  f r o m  a *  t o  a  a n d  t h e  s y m b o l s  
B  a n d  C  f o r  t h e  t w o  s l i p  p l a n e s  a r e  i n t e r c h a n g e d *
F i g s .  4 . 1 0 ( i )  a n d  ( i i )  t o  4 * 1 2 ( i )  a n d  ( i i )  a r e  m i c r o g r a p h s  
o f  t h r e e  r e g i o n s  o f  t h e  t e n s i o n  s u r f a c e s  o f  c r y s t a l s  5 0  a n d  3 8 ,  t a k e n  
a t  l i q u i d  a i r  t e m p e r a t u r e .  T h e s e  d e m o n s t r a t e  t h e  g r o w t h  o f  s o m e  
t w i n s  a n d  a s s o c i a t e d  d e f o r m a t i o n  m o d e s *  E a c h  p a i r  o f  m i c r o g r a p h s ,
( i )  a n d  ( i i ) ,  a r e  s u c c e s s i v e  s t a g e s  o f  d e f o r m a t i o n *  F i g .  4 . 1 2 ( i i i )  
i s  a n  e n l a r g e d  r e g i o n  o f  4 . 1 2 ( i )  a n d  ( i i )  t a k e n  a t  h i g h  t e m p e r a t u r e .  
S k e t c h e s  o f  e a c h  r e g i o n  a r e  s h o w n  i n  F i g s .  4 . 1 0 ( i i i ) ,  4 * l l ( i i i )  a n d  
4 . 1 2 ( i v ) *  T h e  s k e t c h e s  i n d i c a t e  t h e  o p e r a t i v e  d e f o r m a t i o n  m o d e s  i n  
e a c h  o f  t h e  r e g i o n s ,  a n d  t h e  d i r e c t i o n  o f  t b e  Z - a x i s .  T h e  j a g g e d  
e d g e s  s u r r o u n d i n g  t h e  t w i n s  i n  F i g s *  4 . 1 0  a n d  4 . 1 1  a r e  t h e  b r o k e n  
e d g e s  o f  t h e  s o l i d  f i l m  o f  a l c o h o l ,  w h i c h  f r a c t u r e d  d u e  t o  t h e  f o r r a \ ~  
t i o n  o f  t h e  t w i n s .  T h e r e  w a s  n o  o b s e r v a b l e  s u r f a c e  t i l t  f o r  c r y s t a l  
5 0 ,  s i n c e  t h e  s h e a r  d i r e c t i o n  l a y  w i t h i n  2 °  o f  t h e  s u r f a c e *  C r y s t a l  
3 8  h a d  a  s l i g h t  s u r f a c e  t i l t  h o w e v e r ,  a s  t h e  s h e a r  d i r e c t i o n  w a s  6 °  
f r o m  t h e  s u r f a c e .  T h i s  g a v e  s o m e  c o n t r a s t  b e t w e e n  p a r e n t  a n d  t w i n .
T h e  c o n t r a s t  b e t w e e n  t w i n  a n d  p a r e n t  m a t e r i a l  i n  c r y s t a l  5 0  w a s  
o b t a i n e d  b y  i l l u m i n a t i n g  t h e  s u r f a c e  w i t h  p l a n e  p o l a r i z e d  l i g h t ,  a n d  
p h o t o g r a p h i n g  t h r o u g h  a n  a n a l y s e r  s e t  a l m o s t  f o r  e x t i n c t i o n .  C r y s t a l  
3 8  w a s  a  g r a i n  4  m m . i n  l e n g t h  l y i n g  o n  t h e  e d g e  o f  t h e  s p e c i m e n .  T h e  
g r a i n  b o u n d a r y  a n d  t h e  s p e c i m e n  e d g e  c a n  b e  s e e n  a t  t h e  t o p  a n d  b a s e  
r e s p e c t i v e l y  o f  F i g s .  4 . 1 2 ( i )  a n d  ( i i ) .
4 . 4 * 3  O b s e r v a t i o n s  o f  t w i n  g r o w t h
E a c h  i n d i v i d u a l  t w i n  o f - F i g s .  4 . 1 0  t o  4 . 1 2  i s  l a b e l l e d  D ,  E  
. . . . . I t .  T w i n s  D ,  E  a n d  G  o f  c r y s t a l  5 0  g r e w  f r o m  t h e i r  l e f t  h a n d  
b o u n d a r i e s .  T w i n s  I ,  J  a n d  K  o f  c r y s t a l  3 8  g r e w  f r o m  t h e  l o w e r  
b o u n d a r i e s .  S l i p  o n  p l a n e s  A  a n d  C  i s  v i s i b l e  t o  t h e  r i g h t  o f  t w i n  D
T h e  s l i p  l i n e s  o f  p l a n e  A  s t o p  a t  t h e  b o u n d a r y .  S l i p  o n  p l a n e  A  i s
a l s o  v i s i b l e  b e t w e e n  t w i n s  F  a n d  G ,  F i g .  4 . 1 1 ,  a n d  b e t w e e n  t \ d . n s  H ,
X ,  J  a n d  K ,  F i g .  4 . 1 2 ( i i i ) .  R i d g e s  c a n  b e  s e e n  o n  t h e  u p p e r  b o u n d a ­
r i e s  o f  t w i n s  I ,  J  a n d  K ,  F i g .  4 . 1 2 ( i i i ) , a n d  a l s o  m o r e  s t r o n g l y  o n  
t h e  m i c r o g r a p h  o f  F i g .  4 . 1 3  w h i c h  i s  a n o t h e r  r e g i o n  o f  c r y s t a l  3 8 -  
R i d g e s  s i m i l a r  t o  t h e s e  w e r e  f r e q u e n t l y  o b s e r v e d ;  f o r  e x a m p l e ,  o n  
t w i n s  a  o f  c r y s t a l s  F I  a n d  F 8 ,  F i g .  4 . l 4 ( i )  a n d  4 . 1 5 ( i )  r e s p e c t i v e l y .
I t  i s  l i k e l y  t h a t  t h e s e  r i d g e s  a r e  k i n k s  f o r m e d  b y  s l i p  
d i s l o c a t i o n s  p i l i n g  u p  a t  t h e  t w i n  b o u n d a r y .  I n  c r y s t a l  5 0 ,  s l i p  
l i n e s  o f  p l a n e  A  a r e  s t o p p e d  b y  t h e  b o u n d a r y ,  t h o u g h  n o  k i n k i n g  i s  
o b s e r v a b l e .  I n  c r y s t a l  F I  o f  F i g  4 . l 4 ( i ) ,  s l i p  l i n e s  o f  p l a n e  C  a r e  
s t o p p e d  b y  t h e  b o u n d a r y  o f  t w i n  a .  I t  i s  p r o b a b l e  t h e r e f o r e  t h a t  
d i s l o c a t i o n s  l y i n g  i n  p l a n e s  A  a n d  C  c a n n o t  e a s i l y  p a s s  t h r o u g h  t h e  
b o u n d a r y  o f  t w i n  a .  D i s l o c a t i o n s  l y i n g  i n  A  i n h i b i t  t h e  g r o w t h  o f  
t h e  b o u n d a r y  o f  a  w h e n  p i l e d  u p  a g a i n s t  i t .  T h i s  e f f e c t  i s  d e m o n s t r a  
t e d  i n  c r y s t a l s  3 8  a n d  5 0 .
4 . 4 . 4  A n  e x a m p l e  o f  s l i p  p a s s i n g  t h r o u g h  a  t w i n  b o u n d a r y
F i g .  4 . 1 3 ( i )  i s  a  m i c r o g r a p h  o f  c r y s t a l  3 8 .  T w i n  a '
i m p i n g e s  o n  t w i n  a  c a u s i n g  a  r e d u c t i o n  i n  w i d t h  o f  a  a n d  g e n e r a t i n g  
s l i p  o n  p l a n e  A ( a )  i n s i d e  t w i n  a .  T h i s  s l i p  p a s s e s  i n t o  t h e  p a r e n t  
m a t e r i a l  o n  t h e  o p p o s i t e  b o u n d a r y  o f  a ,  a n d  c o n t i n u e s  o n  p l a n e  A  i n  
t h e  p a r e n t  m a t e r i a l .  T h e  d i m e n s i o n s  o f  t h e  t w o  t w i n s  a r e  s h o w n  i n  
F i g *  4 . 1 3 ( i i ) .  B o t h  t w i n  p l a n e s  h a v e  a b o u t  t h e  s a m e  i n c l i n a t i o n  t o  
t h e  s u r f a c e ,  s o  t h a t  t h e  p r o j e c t e d  w i d t h s  o f  a  a n d  a *  a r e  i n  t h e  s a m e
r a t i o  a s  t h e  a c t u a l  w i d t h s *  T h e  o v e r a l l  r e d u c t i o n  i n  w i d t h  o f  a  i s  
a b o u t  t w i c e  a s  m u c h  a s  w o u l d  b e  n e c e s s a r y  t o  a c c o m m o d a t e  t h e  i m p i n g i n g  
t w i n *  T w o  r e a s o n s  f o r  t h i s  a r e  ( i )  t h e  w i d t h  o f  a ’ m a y  b e  g r e a t e r  
b e l o w  t h e  c r y s t a l  s u r f a c e ;  ( i i )  t h e  s l i p  o b s e r v e d  p a s s i n g  t h r o u g h  t h e  
t w i n  b o u n d a r y  m a y  h a v e  t a k e n  p l a c e  a f t e r  t h e  m a i n  r e d u c t i o n  i n  t h e  
w i d t h  o f  a ,  a n d  t h e  e x t r a  t w i n n i n g  d i s l o c a t i o n s  t h u s  c r e a t e d  h a v e  
c a u s e d  a  f u r t h e r  r e d u c t i o n  i n  t h e  w i d t h  o f  a .  A  f u r t h e r  d i s c u s s i o n  
o f  t h e s e  o b s e r v a t i o n s  i s  g i v e n  i n  S e c t i o n  5 - 3 -
4 . 5  F u r t h e r  o b s e r v a t i o n s  o f  t h e  t w i n  b o u n d a r y
4 * 5 o l  I n t r o d u c t i o n
B e f o r e  t h e  b e n d i n g  t e s t s  w e r e  c a r r i e d  o u t ,  a  s e r i e s  o f  
i n d e n t a t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  o n  s i x t e e n  f l a t  l a r g e  g r a i n e d  
s p e c i m e n s .  R e s u l t s  f o r  t w o  o f  t h e s e  c r y s t a l s  a r ©  q u o t e d  i n  t h i s  
s e c t i o n ,  t o g e t h e r  w i t h  s q u a r e  c r y s t a l  r e s u l t s .  A  s h o r t  d e s c r i p t i o n  
o f  t h e  e x p e r i m e n t a l  p r o c e d u r e  f o r  g r o w i n g  a n d  o r i e n t i n g  t h e s e  c r y s t a l s  
i s  g i v e n  i n  t h i s  s e c t i o n .
4 . 5 - 2  E x p e r i m e n t a l  p r o c e d u r e s
C r y s t a l s  w e r e  g r o w n  b y  a  m e t h o d  m o d i f i e d  f r o m  t h a t  d e s c r i b e d  
b y  C r o c k e r  e t  a l  ( 1 9 6 6 ) .  A  c h r o m i u m  p l a t e d  b r a s s  d i s h ,  2 . 5  c m .  d i a ­
m e t e r  a n d  5  d e e p  c o n t a i n i n g  a  p o o l  o f  l i q u i d  m e r c u r y  a b o u t  4  m m ,
i n  d e p t h  w a s  s u r r o u n d e d  b y  a l c o h o l .  T h e  m e r c u r y  s u r f a c e  a l s o  w a s  
c o v e r e d  b y  a  l a y e r  o f  a l c o h o l .  T h e  a l c o h o l  s u r r o u n d i n g  t h e  d i s h  w a s  
c o o l e d  b y  v e r y  c a r e f u l l y  a d d i n g  a  f e w  d r o p s  o f  l i q u i d  n i t r o g e n  a t  
i n t e r v a l s  o f  a b o u t  t e n  s e c o n d s .  A  t e m p e r a t u r e  g r a d i e n t  c o u l d  b e  
m a i n t a i n e d  i n  t h e  m e r c u r y ,  b y  l o c a l l y  c o o l i n g  t h e  s u r r o u n d i n g  a l c o h o l .  
P r o v i d e d  t h a t  t h e  c o o l i n g  r a t e  w a s  s l o w ,  a n d  t h a t  t h e  m e r c u r y  w a s  n o t
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c o o l e d  t h r o u g h  i t s  u p p e r  s u r f a c e ,  g o o d  c r y s t a l s  c o u l d  b e  g r o w n #
T h e s e  s h o w e d  o n l y  a  f e w  s u b - g r a i n  b o u n d a r y  t r a c e s .  F i g .  4 . 1  i s  a  
m i c r o g r a x f o  o f  f l a t  c r y s t a l ,  F l l ,  i :  '     ' e r n p e r a -
t h e  m a j o r  t w i n  i n t e r s e c t i o n .  T h e  b o u n d a r y  s u r r o u n d i n g  t h e  t o p  l e f t  
h a n d  c o r n e r  o f  t h e  m i c r o g r a p h  i s  d u e  t o  r e c r y s t a l l i s a t i o n  w h i c h  
o c c u r r e d  a f t e r  d e f o r m a t i o n  d u r i n g  t h e  p r o c e s s  o f  w a r m i n g  f r o m  t h e  
d e f o r m a t i o n  t e m p e r a t u r e  t o  t h e  t e m p e r a t u r e  a t  w h i c h  o b s e r v a t i o n s  w a r e  
m a d e .  T h i s  m i c r o g r a p h s ,  l i k e  o t h e r s  o f  f l a t  s p e c i m e n s ,  w e r e  t a k e n  
t h r o u g h  a  l a y e r  o f  a l c o h o l  a t  b e t w e e n  ~ 70°C  a n d  - 1 0 0 ° C .
t h e  o r d e r  o f  5  i o  1 0  ra m . a p a r t .  T h i s  p r o d u c e d  t w i n s  a n d  s l i p .  T w i n /  
t w i n  i n t e r a c t i o n s  w e r e  c o m m o n .  I n t e r s e c t i o n s  b e t w e e n  t w i n s  o t h e r  
t h a n  t h o s e  w i t h  t h e  c o m x j l e m e n t a r y  r e l a t i o n s h i p  c a u s e d  a c c o m m o d a t i o n  
b y  k i n k i n g  a n d  s l i x i o
T h e  o r i e n t a t i o n s  o f  t h e s e  s p e c i m e n s  w e r e  d e d u c e d  b y  a  m o d i ­
f i e d  s i n g l e  s u r f a c e  a n a l y s i s  m e t h o d  u s e d  b y  R e e d - H i l l  ( 1 9 6 6 )  u s i n g  
s l i p  a n d  t w i n  t r a c e s .  T h i s  m e t h o d  i s  d e s c r i b e d  i n  A p p e n d i x  V .  C o n ­
f i r m a t o r y  e v i d e n c e  o f  t h e  o r i e n t a t i o n  w a s  o b t a i n e d  f r o m  s u r f a c e  s h e a r  
m e a s u r e m e n t s  a n d  t h e  s e n s e  o f  t i l t  o f  t h e  t w i n s .
T h e  s u r f a c e s  o f  t h e s e  s p e c i m e n s  w e r e  u s u a l l y  s m o o t h e r  t h a n  
t h e  s q u a r e  c r y s t a l  s x i e c i m e n s ,  a n d  t h u s  m i c r o g r a p h s  o f  t h e  s u r f a c e  
s h o w e d  m o r e  d e t a i l .
4 . 5 * 3  E x a m p l e s  o f  s t r a i g h t  i n c o h e r e n t  i n t e r f a c e s
t u r e .  A  f a i n t  s u b - g r a i n  b o u n d a r y b e l o w
T h e s e  f l a t  s p e c i m e n s  w e r e  i n d e n t e d  l i g h t l y  a t  l o c a t i o n s  o f
M e a s u r e m e n t s  h a v e  b e e n  m a d e  o n  s t r a i g h t  i n c o h e r e n t  t w i n  
i n t e r f a c e s  i n  t h r e e  c r y s t a l s #  T h e  c r y s t a l s  s h o w i n g  t h e s e  f e a t u r e s  w e r e  
t w o  i n d e n t e d  f l a t  c r y s t a l s ,  F I  a n d  F 8 ,  a n d  o n e  b e n t  c r y s t a l ,  5 8 .
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M i c r o g r a p h s  o f  t h e s e  c r y s t a l s  a r e  s h o w n  i n  F i g s .  4 . l 4 ( x ) ,  4 0 1 5 ( i ) ,  
4 . l 6 ( i )  a n d  4 . 1 7 ( 1 ) *  S k e t c h e s  o f  t h e s e  m i c r o g r a p h s  i n  w h i c h  t h e  
i n c o h e r e n t  i n t e r f a c e s  a r e  l a b e l l e d  d  t o  n  a r e  s h o w n  i n  F i g s .  4 . l 4 ( i x ) ,  
4 . 1 5 ( i i ) ,  4 . l 6 ( i i )  a n d  4 . 1 7 ( i i )  r e s p e c t i v e l y .  T a b l e  4 . 6  l i s t s  t h e  
a n g l e s  b e t w e e n  c o h e r e n t  a n d  i n c o h e r e n t  t r a c e s .  T h e  f i r s t  c o l u m n  o f  t h e  
t a b l e  g i v e s  t h e  a n g l e  b e t w e e n  t h e  c o h e r e n t  a n d  i n c o h e r e n t  b o u n d a r i e s  
a s  m e a s u r e d  o n  t h e  s p e c i m e n  s u r f a c e .  F i g .  4 . 1 | 6 ( i i i )  g i v e s  t h e  c o n ­
v e n t i o n  f o r  a s s i g n i n g  a  s e n s e  t o  t h i s  a n g l e .  T h e  e r r o r s  q u o t e d  a r e  
a n  e s t i m a t e  o f  t h e  a c c u r a c y  w i t h  w h i c h  t h e  a n g l e  c o u l d  b e  m e a s u r e d .
I n  o r d e r  t o  d e t e r m i n e  t h e  p l a n e  o f  t h e  i n c o h e r e n t  i n t e r f a c e ,
i t  i s  n e c e s s a r y  t o  a s s u m e  t h a t  a  d i r e c t i o n  o t h e r  t h a n  t h e  t r a c e  o n  t h e  
s u r f a c e  o f  t h e  s p e c i m e n ,  l i e s  i n  t h e  i n t e r f a c e .  T w o  a l t e r n a t i v e s  h a v e  
b e e n  c h o s e n  f o r  t h i s  s e c o n d  d i r e c t i o n  -  f i r s t l y ,  t h e  s h e a r  d i r e c t i o n  
C l  2  l X  a n d  s e c o n d l y ,  t h e  d i r e c t i o n  n o r m a l  t o  t h e  p l a n e  o f  s h e a r '
’ C 2  1  l j  1 ,  w h i c h  l i e s  a t  0 . 6 3 °  f r o m  t h e  r a t i o n a l  d i r e c t i o n  w i t h  t h e
s a m e  i n d i c e s .  B o t h  f  1  2  l j a n d  * L 2  1  T i e  i n  t h e  c o m p o s i t i o n
p l a n e .  T h e  a n g l e  b e t w e e n  t h e  c o m p o s i t i o n  p l a n e  a n d  t h e  i n c o h e r e n t  
i n t e r f a c e  h a v e  b e e n  d e t e r m i n e d  s t e r e o g r a p h i c a l l y  f o r  e a c h  o f  t h e  
i n t e r f a c e s  d  t o  n .  T h e  a n g l e s  f o r  t h e  t w o  a l t e r n a t i v e  i n t e r f a c e s ,  
o n e  i n  t h e  ‘ £  2  1  1  C l 1 z o n e ,  t h e  o t h e r  i n  t h e  L 1  2  l £ j _ z ° n e ,  a r e
l i s t e d  i n  c o l u m n s  2  a n d  3  o f  T a b l e  4 . 6 .
I n  o r d e r  t o  d e t e r m i n e  t h e  m o s t  l i k e l y  c r y s t a l l o g r a p h i c  
i n t e r f a c e s ,  w e  h a v e  l i s t e d  i n  T a b l e  4 . 7 >  1 3  p o s s i b l e  i n c o h e r e n t  
b o u n d a r i e s  i n  t h e £ / l  2  I j f a n d  t h e  f [_ 2  1  1  z o n e s .  I n  t h e / ^ l  2  1 ^ 7  
z o n e ,  t h e  t w o  p l a n e s  f o r m i n g  t h e  i n t e r f a c e ,  l i s t e d  i n  c o l u m n s  o n e  a n d  
t w o  o f  T a b l e  4 . 7 ?  a r e  c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t ,  a n d  t h e  t w i n ­
n i n g  s h e a r  d o e s  n o t  t e n d  t o  s e p a r a t e  t h e m *  T h e  s h e a r  d o e s  h o w e v e r  
d i s t o r t  t h e  d i r e c t i o n s  i n  t h e  p l a n e  o f  t h e  b o u n d a r y ,  s o  t h a t  t h e  
t r a n s f o r m e d  p l a n e  i s  r o t a t e d  a b o u t  i t s  o w n  n o r m a l . :  T h e  a n g l e  o f
s h e a r  i n  t h e  p l a n e  o f  t h e  i n t e r f a c e  i s  g i v e n  i n  c o l u m n  f o u r  o f
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T a b l e  4 * 7 *  T h e  a n g l e  b e t w e e n  t h e  c o m p o s i t i o n  p l a n e  a n d  t h e  b o u n d a r y  
i s  g i v e n  i n  c o l u m n  t h r e e *
t h e  p l a n e s  f o r m i n g  t h e  i n t e r f a c e *  T h e  p l a n e s  i n  t w i n  a n d  p a r e n t  a r e  
n o t  e q u i v a l e n t *  C o l u m n s  7  a n d  8  o f  T a b l e  4 * 7  g i v e  t h e  a n g l e s  b e t w e e n  
i n t e r f a c i a l  p l a n e s  i n  p a r e n t  a n d  t w i n  r e s p e c t i v e l y  r e l a t i v e  t o  t h e  
c o m p o s i t i o n  p l a n e *  T h e  m a g n i t u d e  o f  t h e  d i s t o r t i o n  i s  g i v e n  b y  t h e  
a n g l e  o f  s h e a r  i n  c o l u m n  9 *
i n d i c e s  i n  p a r e n t  a n d  t w i n  a n d  i n  w h i c h  t h e  r e l a t i v e  s h e a r  b e t w e e n  
t h e  t w o  p l a n e s  i s  l o w *  I n t e r f a c e s  s a t i s f y i n g  t h e s e  c r i t e r i a  a r e
(  1  3  5 ) / C  1 3 5 ) ,  ( 0 1  2 ) / (  0  1  2 )  a n d  (  1  2  5 ) / (  1  2  3 )  i n  t h e
D e t a i l e d  i n s p e c t i o n  o f  c o l u m n s  2  a n d  3  T a b l e  4 . 6  a n d  
c o l u m n s  3 ,  7  a n d  8  o f  T a b l e  4 * 7  s h o w  t h a t  t h e  f o l l o w i n g  i n t e r f a c e s  
a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s :
t w i n n i n g  s h e a r  t e n d s  t o  s e p a r a t e
T h e  i n t e r f a c e s  m o s t  l i k e l y  t o  o c c u r  a r e  t h o s e  w i t h  l o w
j[  I  2  z o n e  a n d  t h e  i n t e r f a c e s  (  1  1  3 ) / (  0  1  1 )  a n d  (  0  1  1 ) /
(  1 1 3 )  i n  t h e  ^ 2  1  1 J  * z o n e *  T h e s e  h a v e  r e l a t i v e  s h e a r  a n g l e s  
o f  0 * 4 ° t 7 * 4 ° ,  5 * 4 ° ,  2 . 8 °  a n d  2 . 8 °  r e s p e c t i v e l y *
(  1  2  3 ) / (  1 2 3 )  s d ,  e ,  f ,  g ,  h  a n d  j
(  1  1  3 ) / (  I  1  3 )  2 i ,  m  a n d  n
'  £ >  1  '  z o n e
(  1  1  3 ) / (  0  1  1 )  ! e ,  f ,  g ,  h ,  j  a n d  1  
( 0 1  l ) / (  1 1 3 )  s i ,  m  a n d  n
S i n c e  t h e  (  1  1  3 ) / (  1  1  3 )  i n t e r f a c e  i s  u n l i k e l y  t o  o c c u r  d u e  t o  t h e  
l a r g e  i n t e r f a c i a l  s t r a i n  i n v o l v e d ,  i t  i s  f e l t  t h a t  t h e  i n t e r f a c e s  i ,  
m  a n d  n  a r e  o f  t h e  ( 0 1  l ) / (  1 1 3 )  t y p e .  L e s s  s t r a i n  i s  i n v o l v e d  
i n  t h e  (  1  1  3 ) / (  0  1  J )  t h a n  t h e  (  1  2  ] ) / (  1 2 3 )  i n t e r f a c e s ,  t h u s  
i t  i s  l i k e l y  t h a t  e ,  f ,  g ,  h ,  j ,  1  a n d  p r o b a b l y  d  a r e  o f  t h e  f o r m e r  
t y p e .  M i c r o g r a p h  4 . l 4 ( i )  s h o w s  t h a t  t h e  i n t e r f a c e s  d ,  f  a n d  h  s t a r t  
a t  t h e  i n t e r s e c t i o n  o f  t w i n s  a  a n d  a * .  T h i s  g i v e s  a d d i t i o n a l  s u p p o r t  
t h a t  t h e s e  p l a n e s  c o n t a i n  t h e  1 { f 2  1  i j  • d i r e c t i o n ,  s i n c e  t h e s e  t w o  
t w i n s  i n t e r s e c t  o n  a  . l i n e  a b o u t  2 °  f r o m  t h i s  d i r e c t i o n .
M o s t  o f  t h e  o b s e r v e d  i n c o h e r e n t  i n t e r f a c e s  a r e  c o n s i s t e n t  
w i t h  e i t h e r  (  1  1  3 ) / (  0 1  I )  o r  (  0 1  l ) / (  I  1  3 ) ,  T h e s e  a r e  
c r y s t a l l o g r a p h i c a l l y  e q u i v a l e n t  a n d  m a y  t h u s  b e  r e g a r d e d  a s  e v i d e n c e  
i n  f a v o u r  o f  t h e  d e d u c t i o n  t h a t  t h e  i n t e r f a c e s  a r e  o f  t h e  £  I  1  3 ^  /  
£ o  1 1 ^  t y p e .
4 . 5 * 4  B o u n d a r i e s  a s s o c i a t e d  w i t h  c o m p l e m e n t a r y  t w i n
i n t e r s e c t i o n s
T h e r e  a r e  t w o  t y p e s  o f  t r a c e s  w i t h i n  t w i n n e d  m a t e r i a l ,  
a s s o c i a t e d  w i t h  c o m p l e m e n t a r y  t w i n  i n t e r s e c t i o n s .  T h e s e  t r a c e s  
w e r e  o b s e r v e d  o n  f l a t  c r y s t a l  F I ,  o n l y  a n d  a r e  l a b e l l e d  I  a n d  I I  i n  
t h e  s c h e m a t i c  d i a g r a m ,  F i g .  4 . 1 8 .  B o t h  o f  t h e s e  t y p e s  o f  t r a c e s  a r e  
o b s e r v a b l e  i n  t h e  m i c r o g r a p h  o f  F I ,  F i g .  4 . l 4 ( i ) .  I n  F i g .  4 . l 4 ( i i ) ,  
t h e  t y p e  I  t r a c e s  h a v e  b e e n  l a b e l l e d  q ,  r ,  s ,  t  a n d  t h e  t y p e  I I  
b o u n d a r i e s  u ,  v ,  w ,  x ,  y ,  z .  T r a c e s  y  a n d  z  a r e  n o t  a s s o c i a t e d  w i t h  
a  t w i n  i n t e r s e c t i o n ,  b u t  h a v e  b e e n  p r o d u c e d  b y  a  b a n d  o f  s l i p  e m e r g i n g  
f r o m  s u c h  a n  i n t e r s e c t i o n .
T h e  s e c o n d  a n d  f i f t h  c o l u m n s  o f  T a b l e  4 . 8  g i v e s  t h e  a n g l e  
b e t w e e n  t h e  t r a c e s  q  — —  z  a n d  t h e  t r a c e  o f  t h e  c o m p o s i t i o n  p l a n e  o f  
t w i n  a *  S i n c e  t r a c e s  I  a n d  I I  a n d  t h e  t r a c e s  o f  t w i n s  a  a n d  a ’
in t e r s e c t  a t  a s in g le  p o in t  0 , shown in  F ig . 4 .1 8 ,  i t  i s  very  l i k e l y  
th a t  th e  in te r fa c e s  co n ta in in g  I  and I I  a ls o  co n ta in  th e d ir e c t io n  
’ £ 2 1  l j  th e  l i n e  o f  in t e r s e c t io n  o f  a and a ’ . U sing t h is  
in form ation  i t  i s  p o s s ib le  to  p lo t  s te r e o g r a p h ic a lly  th e  p o le s  o f  th e  
typ e  I and I I  in t e r f a c e s .  The th ir d  and s ix t h  columns o f  Table 4 .8  
are th e  r e s u l t s  o f  t h i s  a n a ly s is .  The th ir d  column g iv e s  th e an g le  
between th e  type I  in te r fa c e s  and th e  ( O i l )  p lan e o f  th e  parent  
m a te r ia l .  The s ix t h  column g iv e s  th e  a n g le  between th e  type I I  
in t e r fa c e s  and th e  p lan e  ( 1 1 1) in  tw in  a ' .  T his p lan e  i s  th e  
transform ed p lan e A o f  th e  p aren t m a te r ia l.
These r e s u l t s  show th a t  th e  type I  in te r fa c e  i s  very c lo s e  
to  th e ( O i l )  p lan e  and th e  typ e I I  in te r fa c e s  i s  c lo s e  to  th e  
( i l l )  p lan e o f  th e  tw in . The typ e I I  in te r fa c e s  may be due to  a 
homogeneous band o f  s l i p  or e l s e  tw inning on th e  r e c ip r o c a l o f  th e
UM ■¥*
1 3 5  mode. I t  i s  l i k e l y  th a t  th e tr a c e s  u , v , w x  are due to  
homogeneous s l i p ,  and th a t  th e  tr a c e s  y  and 0  are th e  boundaries o f  a 
£j[ 1 1^ * tw in  in s id e  th e  1 3  5  j 1 tw in , a ’ .
The r e s u l t s  o f  t h is  s e c t io n  w i l l  be d isc u sse d  in  g rea ter  
d e t a i l  in  Chapter V.
4 .6  C onclusion
In t h i s  ch ap ter we have shown th a t  th ere  i s  a s p e c ia l  
c r y s ta llo g r a p h ic  r e la t io n s h ip  between p a ir s  o f  v a r ia n ts  o f  th e  tw in  
mode. These have been c a l le d  complementary tw in s . I t  was then  shown 
how th e se  tw in s in  com bination w ith  s l i p  can accommodate a bending  
s t r a in  on the t e n s i l e  s id e  o f  th e  n eu tr a l a x i s .  The accommodation
o f  com pressive s t r a in  by tw inning  was shown to  be fa r  l e s s  l i k e l y  
and was n ot in  f a c t  observed  in  any c r y s t a l .  S ev era l exam ples o f  th e  
in te r a c t io n  o f  s l i p  w ith  tw in  boundaries were d escr ib ed  and w i l l  be 
d isc u sse d  more f u l l y  in  the n ex t ch a p ter . The occu rren ce o f  s t r a ig h t
f a c i a l  boundaries are  d escr ib ed  ; th e s e ,  t o o , w i l l  be p resen ted  in  
Chapter V. Two ty p es  o f  in co h eren t boundaries a s s o c ia te d  w ith  com­
plem entary tv/in in t e r s e c t io n s  are  d e sc r ib e d , th e  s ig n i f ic a n c e  o f  
th e se  a ls o  w i l l  be d isc u sse d  in  Chapter V*
Other exp erim en ta l o b se r v a tio n s  in c lu d ed  r e c r y s t a l l i s a t io n  
and step p ed  su r fa c e s  are d escr ib e d  in  Appendices I I I  and V r e s p e c t iv e ­
l y .  A method o f  o r ie n t in g  f l a t  c r y s ta ls  i s  d escr ib ed  in  Appendix IV.
i s  con sid ered ; ’hard sp h e r o id 1 m odels o f  the mercury s tr u c tu r e  are  
used to  in v e s t ig a te  th e  in te r fa c e ;  p o s s ib le  growth and n u c le a tio n  
mechanisms are co n sid ered ; fou r o f  th e  c r y s ta l lo g r a p h ic a l ly  p o s s ib le  
tw in  modes are  compared from s e v e r a l a sp e c ts  in  order to  f in d  reason s  
why th e  1 7 1  3 5 v 1 m°rie o p e r a te s .
in co h eren t in t e r fa c e s  was r e p o r ted , and two p o s s ib le  ty p es  o f  in te r
In Chapter V th e  nature o f  th e 1 tv/in in te r fa c e
- u 3 .
Matr ix  e l ements fo r  s / i p  and tjrin v a r ia n ts  f or s p e c ia l  cry s t a l
q r ie n ta t lc uis
Table 4 .2  Ma t r ix  elem en ts fo r  o r ie n ta t io n  o f  F ig .  4 .7
A B C a a'
€ ! 2 0 + ei 0 0
G 23 ° 2 - t * a ~ ° 2Cj + ° 2
33 0
- e
3 +e3 4 +S4
Table 4 .3  M atrix elem en ts fo r  o r ie n ta t io n  o f  F ig . 4 . 8
A B C a a ’
* ~ 1 2 0 -O5 +*5
£  23 -4'© ■~|-e 
2 7
- a
7 +*7
^ 3 3
0 — G
3 +Q3 +04 +\
Table 4 .4 .  M atrix e lem en ts fo r  c r y s ta l  45
A B C a a ’
^ 1 2 .03 - .1 3 olO - .0 9 - .0 3
£ 2 3 .41 J«:ijj - . 2 2 - .4 3 .3 9
€ 3 3 . 0 1 - .2 4 o25 .27 .29
T able 4 * 6 ,, Measured. In co h a ren t boun d a r ie s
C ry sta l & 
tr a c e
0
6 A n( 2  1 r /
_ 0
A ^ l  2  1}
FI d +21  ^  5 +49  +. 25 - 1 1  _+ 5
FI e + 14 x  5 + 23  4- 15 - 7 + 5
FI f +3.2 ^  5 + 2 0  ^  15 ~ 6  +, 5
FI g +17 + 5 +33 +. 25 - 9 + 5
FI h +11 ±  5 +19 +, 15 - 5 + 5
F8 i - 2 6  +_ 5 - 1 6  4 +3 C + 4
F8 3 +3.5 ^  5 +19  +, 10 “ 9 +. 5
F8 k +27  _+ 7 +40 +_ 15 -17  +. 5
F8 1 +26  +_ 5 +13 + 5 +17 ±  3
5 8  m - 2 5  + 5 - 1 7 * 0  _+ 3 +34 _+lo
58 n - 2 8  +_ 5 -1 8 .5  +. 3 +41 +10
6 i s  th e  measured a n g le  between th e  coh eren t and in co h eren t  
tw in  t r a c e s .
A  < 2 1 1 >  and 2 3^  are a n g le s  between th e  tw in  cotnposi
t io n  p lan e  and in co h eren t boundaries co n ta in in g  d ir e c t io n s  2 1 1  and 
I 2 1 r e s p e c t iv e ly .
The s ig n  con ven tion  i s  d e fin ed  in  Fig* 4 * l 6 ( i i i ) .
T able 4.7© Pos jr.t-le in c o h e r e n t b ou n d aries
< 2 1 f r zone 2 l j*  zone
Parent Twin ^ p °
^ °  
T
of ~° 0 Parent Twin of °P,T
of °
1 1 3 O i l l4o8 1 7 .6 2 .8 1 3  5 1 3  5 0 .6 0 o 4
1 0  2 1 3  1 3 4 .1 4 9 .9 1 5 . 8 0 I 2 0 1 2 11 .8 7 .4
1 1 1 1 1 1 7 2 .4 -7 2 .4 35*2 1 I 3 1 1 3 3 3 .2 19 .1
I 3 1 I 0 2 -49*9 -3 4 .1 1 5 . 8 1 1 1 1 1 1 “3 5 -0 2 0 .0
O i l 1 1 3 - 1 7 . 6 -1 4 .8 2 .8 1 2  3 I 2 3 - 8 .6 5 .4
0  and 0  are a n g le s  between th e  com position  p la n e , ’ ( l  3 5 ) ’ ir X
and th e  p lan e  in  p aren t and tw in  r e s p e c t iv e ly .  In th e  1 2 1  zone,
0p = -0 ^  ~ 0p The a n g le  through which p la n es  form ing the boundary
have been sheared r e la t iv e  to  each o th er  i s  g iven  by 0  = 1 0 ^  -  0^
(a n g le s  in  d e g r e e s ) .
♦ Table 4 .8 . Measured in coh eren t boundaries a s s o c ia te d  
w ith  complementary tw in  in te r s e c t io n s
Type I Boundaries Type I I  Boundaries
tr a c e 6 ° 1  1 ) tr a c e 6 ° / S ( l  i  i ) v
q 7 0 * 3 ~2 +. 1 u 49 + 3 -4  _+ 5
r 6°  _+ 5 +1  +, 2 V 47 +. 3 ”7 +, 5
s 64 + 3 ” 1  +. 1 w 5 2  +_ 10 +2 ^  15
t 63 ±  5 - 1  +_ 2 X 43 _+ 10 -13 +. 15
y 51 + 5 0 + 7
z 53 + 5 +5 +. 7
6 i s  th e  measured a n g le  between coherent and in coh eren t tw in  tra ces*  
£ CL CfrotZo^L fro /  6 )
F i g .  4 . 1 .  Twin i n t e r s e c t io n s  in  c r y s t a l  F l l .
1 1 7 .
F ig . 4 .2 .  Enlarged r e g io n  o f  standard p r o je c t io n  around the  
(21 1J d ir e c t io n
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( T i l )
F ig .  4 .3 .  Geometry o f  complementary twin in t e r s e c t io n .
119
___ i__
(Hi)
F ig .  4 .4* Schem atic r e p r e se n ta t io n  o f the form ation  o f  a complementary 
tw in in t e r s e c t io n ,  showing the top fa ce  o f  the b lock  o f  
F ig .  4 .3 .
X 6 o
F i g .  4 . 5 .  Indented c r y s t a l  F I .
«
—  ______
L121
F i g .  4 . 6 .  ( i )  Y -fa c e  o f  c r y s t a l  4 2 . X  GO
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F ig .  4 .6 .  ( i i )  Y -face  o f  c r y s ta l  45 . (X 6 0 )
F ig .  4 .6 .  ( i i i )  and ( iv )  I l lu s t r a t in g  the red u ctio n  o f  twin  
boundary energy due to  the form ation o f c r o s s - tw in s .
F i g .  4 .
Fig*
7.  Showing the o r ie n t a t io n  o f  the- c r y s t a l  o f  F i g .  4 . 3 .
•8 . Type o f  o r ie n ta t io n  in  which c r o s s - tw in s  occurred during  
b en d in g .
F ig .  4 .9 .  Standard 111 p r o je c t io n  show ing, shaded, r e g io n s  in  which  
complementary tw ins r e s u l t  in  an e x te n s io n  o f  the c r y s t a l .
1 2 5 .
( i ) (i i) (xao)
F i g .  4 . 1 0
Growth o f  tw in  D on t e n s io n  
s u r fa c e  o f  c r y s t a l  5 0 .
Outer f i b r e  s t r a i n
( i )  0.9%
( i i )  1.1%
1 2 4 .
( i ) (ii) (  X140)
F i g .  4 .1 1
Growth o f  tw in s  E, F and G on 
t e n s io n  s u r fa c e  o f  c r y s t a l  5 0 .
Outer f i b r e  s t r a i n
( i )  0.9%
( i i )  1.1%
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a )
\
F i  <**. • l *L Of )  X 6 0
1128
F ig . 4 .1 2 .
77771 1'AV v  "
y** 6  rt A / y  S 0!/-VI? a /s'?
Growth o f  tw ins H, I ,  J and K 
on te n s io n  su r fa ce  o f  c r y s ta l  
38.
Outer f ib r e  s tr a in
( i )  0.9%
( i i )  2 . 0%
( i i i )  a t  h ig h  tem p erature
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( i )  X
F i g .  4 . 1 3 .  Example o f  s l i p  band p a s s in g  through th e  tw in  boundary.
X I 2 C
F ig . 4 .1 4 . Complementary tv/ins in  c r y s ta l  FI showing in coh eren t  
b ou n d a ries .
TW IN
a /
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F i g .  4 . 1 5 .  In co h eren t tw in boundary in  c r y s t a l  F8.
( i i i )
F i g .  4 . 1 6 .  Twin t ip  in  c r y s t a l  F 8.
"I
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X 6 0
( 1 )
n m
( i i )
F i g .  4 . 1 7 . In co h eren t tw in b ou n d aries in  c r y s t a l  5 8 .
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/
F ig . 4 .1 8 .  D e ta i ls  o f  accommodation a t  a complementary tw in  
in t e r s e c t io n .
 -
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CHAPTER V
A DISCUSSION INNING BEHAVIOUR
5*1 In tro d u ctio n
In  Chapters I to  IV, th e  exp erim en ta l in v e s t ig a t io n  o f  
deform ation  tw inning in  mercury i s  reported* The c r y s ta llo g r a p h y  o f  
th e se  tw in s has been e s ta b l is h e d  by two d if f e r e n t  ex p erim en ts; f i r s t l y ,  
a s in g le  su r fa ce  a n a ly s is  method d escr ib ed  in  Chapter I a n d ,sec o n d ly , 
a two su r fa ce  a n a ly s is  o f  square c r o s s - s e c t io n  c r y s ta ls  d escr ib ed  in  
Chapter II© The com p osition  p lan e  was determ ined by both th e se  methods 
and the shear d ir e c t io n  and m agnitude were determ ined by th e la t t e r  
experim ents* These and th e  o th er  experim ents d escr ib ed  in  Chapters I I I  
and IV e s t a b l i s h  th a t  a l l  th e  tw in s belong to  a s in g le  mode ’ 3
T his mode, to g e th e r  w ith  i t s  r e c ip r o c a l mode, £ l  1  1 J , was f i r s t  p re­
d ic te d  by B ev is (1966)* The two modes i l  0 Oj and i t s  r e c ip r o c a l
< I  t U/ 0 1 1 j have s m a lle s t  shear th a t  can r e s to r e  th e  mercury s tr u c tu r e ;  
n e ith e r  have been observed* There i s  a s in g le  o b se rv a tio n  o f  su r fa c e s  
tr a c e  a t tr ib u ta b le  to  th e  1  1  J* mode*
Three methods o f  deform ation  have been u sed , namely? shock  
lo a d in g , t e n s i l e  s t r a in  and bending o f  long s in g le  c r y s ta ls *  The f i r s t  
method caused p r o l i f i c  tw in n in g . However, tw ins were produced fo r  
c e r ta in  o r ie n ta t io n s  o n ly  when th e  deform ation  was performed a t  a low  
s t r a in  rate*  No tw in s were produced in  th e  com pressive reg io n  o f  c r y s ­
t a l s  deformed by bending. In Chapter IV, o b serv a tio n s  are rep orted  
o f  tw in  growth and in te r a c t io n s  w ith  s l i p  and o f  th e  morphology o f  th e  
tw in  boundary; a ls o  a p a r t ic u la r  typ e o f  tw in in te r s e c t io n  i s  d escr ib ed  
The two tw in  v a r ia n ts  in v o lv ed  in  th e se  in te r s e c t io n s  are termed 
’ complementary tw in s ’ , s in c e  th e  s tr a in  a t  th e  in te r s e c t io n  can be 
accommodated a lm ost e x a c t ly  by a s in g le  v a r ia n t  o f  th e s l i p  mode.
In  t h i s  ch a p ter  th e  fo l lo w in g  t o p ic s  w i l l  be d is c u s s e d ,  in
c o n s e c u t iv e  s e c t io n s :
( i )  The s tr u c tu r e  o f  th e  1^ 1 3 5 J 1 in te r fa c e  and 
th e  p l a s t i c  accommodation o f  tw ins*
( i i )  A m atrix  r e p r e se n ta t io n  o f  th e  tw inning transform a­
t io n .
( i i i )  The p o s s ib le  in te r a c t io n s  o f  s l i p  d is lo c a t io n s  
w ith  th e  tw in  boundary.
( iv )  A d is lo c a t io n  d is s o c ia t io n  mechanism fo r  th e  
n u c le a t io n  o f  tw in s .
(v ) Spheroids a s a r e p r e se n ta t io n  o f  mercury atoms in
th e  c r y s ta l  and t h e ir  u se  to  co n stru ct th e  tw in  in t e r ­
fa c e .
( v i )  A com parison o f  fou r p o s s ib le  mercury tw in  modes 
w ith  r e sp e c t  to  c r i t e r ia  which could  in f lu e n c e  tw in ­
n ing b eh av iou r.
S tructu re  o f  th e  ’ 1 1  3 5 J  1 in te r fa c e  
5 o 2 .1  The ir r a t io n a l  in te r fa c e
* ■ * u
The r e s u l t s  rep orted  in  Chapter I I  and summarised in  
T ables 2 .2  and 2 .3  have e s ta b l is h e d  w ith ou t doubt th a t  th e  o p e r a tiv e  
deform ation  tv/inning mode o f  c r y s t a l l in e  mercury has K K T} t] e l e -> _  ^ 1 a X a
ments g iven  by '(1  3 5 j  ' (  1 1 I j x l  2 1 ?  '<^0 1 1 / ’ . Subsequent 
o b se rv a tio n s  o f  bent square c r o s s - s e c t io n  s in g le  c r y s t a ls  and o f  in ­
dented f l a t  p o ly c r y s ta ls  a l l  confirm  th e se  r e s u l t s .  The occurrence  
o f  t h i s  tw in  mode in  p r e feren ce  to  th e two modes w ith  sm a ller  sh ear  
in d ic a te s  th a t  th e  th e o r ie s  o f  th e  crystallogra£>hy o f  deform ation
twinning,*- which are based on a stu d y  o f  l a t t i c e  sh ea rs  and atom ic  
s h u f f le s ^  are inadequate* In p a r t ic u la r ,  th e se  th e o r ie s  do n ot con­
s id e r  th e  r o le  p layed  by tw inning d is lo c a t io n s .  I t  i s  in te r e s t in g  h ere  
to  compare th e tw inning behaviour o f  f . c . c .  c r y s ta ls  w ith  m ercury. The 
o p e ra tiv e  { i l l }  mode in  f . c . c .  i s  a c r y s ta l lo g r a p h ic a l ly  degenerate  
ca se  o f  th e  mercury ? ^1 3 5^ ' mode. T his i s  seen  by l e t t in g  c ,  th e  
c o s in e  o f  th e  rhombohedral a n g le , be aero in  elem en ts (a )  o f  Table 1*1. 
Now in  f . c . c .  m eta ls th e  Burgers v e c to r  o f  th e  tw inning d is lo c a t io n s  i s  
id e n t ic a l  w ith  th a t  o f  th e  J h o ck ley  p a r t ia l  s l i p  d i s lo c a t io n s ,  namely:
1_<JL 1 2y> . T his i s  th e  b a s is  o f  th e  tw in  n u c le a tio n  and growth 
6mechanisms. No such correspondence e x i s t s  fo r  mercury. In p r in c ip le ,  
because th e  ( l  1 1 ) s l i p  p lan e  in t e r s e c t s  th e  ' ( l  3 5 ) 1 tw inning p lan e  
in  th e  tw inning d ir e c t io n  C l 2 1^ ,th e  d ir e c t io n s  o f  th e  Burgers v e c to r  
o f  the Shockley p a i~ tia l and tw inning d is lo c a t io n s  Could be th e  same. 
However, as s ta te d  p r e v io u s ly ,  th e  p e r fe c t  s l i p  d is lo c a t io n s  are  
thought to  d i s s o c ia te  by means o f  th e  r e a c t io n s
U o  1 I ' + ' 1  [o X lj ' (5 .1 )
4  4
and i[l 0 ll ' 1  [2  1  l] ' t  ' 1  [ o i l ] 1 ( 5 . 2 )
4 4
Shockley p a r t ia l s  w ith  Burgers v e c to r s  in  th e  d ir e c t io n  C l  2 1^  are un­
l i k e l y  to  a r ise *  Even i f  th ey  d id  t h e ir  magnitude would not equal th a t  
o f  th e  tw inning d i s lo c a t io n s ,  as both q u a n t it ie s  are d if f e r e n t  fu n c tio n s  
o f  th e  rhombohedral a n g le .  For exam ple, when c = - 1/7 th e  Burgers v ec ­
to r  o f  th e  tw inning d is lo c a t io n  i s  1  1  2 l / > compared w ith  th e p o s s ib le
Shockley p a r t ia l  1 2 Thus a^sli£:> d is lo c a t io n  d is s o c ia t io n
mechanism fo r  th e^ n u c lea tio n  o f  tw in s in  mercury does not seem fea sib le®
The whole concept o f  tw inning d is lo c a t io n s  in  ir r a t io n a l  tw in  
boundaries has in  f a c t  never been d isc u sse d  b e fo r e . Twinning d is lo c a ­
t io n s  may be co n sid ered  to  be s te p s  in  th e tw in com p osition  plane* In
th e  case  o f  r a t io n a l  b ou n d aries, the in te r p la n a r  sp ac in g  o f  th e  com posi­
t io n  p lan e i s  w e ll-d e f in e d  and hence th e  corresponding d is lo c a t io n  can 
be s p e c i f i e d .  For ir r a t io n a l  tw in  boundaries th e  in te r p la n a r  sp acin g  
i s  in f in i t e s im a l  and i t  i s  th e r e fo r e  n ot c le a r  th a t tw inning d is lo c a ­
t io n s  can e x is t*  To r e s o lv e  t h i s  problem th e  ir r a t io n a l  p lane must be 
con sid ered  to  c o n s is t  o f  f a c e t s  o f  r a t io n a l p la n e s . For a gen era l 
ir r a t io n a l  boundary, f a c e t s  o f  a t  l e a s t  th ree  d if f e r e n t  r a t io n a l  xolanes 
are n e c e ssa r y , but fo r  th e  s p e c ia l  ca se  o f  the ir r a t io n a l  Type I I  tw in  
boundary, which must co n ta in  one r a t io n a l  d ir e c t io n ,  o n ly  two p la n es  
a re  n e c e ssa r y . Being r a t io n a l  th e se  two p la n es  in t e r s e c t  in  a r a t io n a l  
d ir e c t io n ,  th e  tv/inning d ir e c t io n .  The whole zone o f  r a t io n a l  p la n es  
co n ta in in g  t h is  d ir e c t io n  i s  thus ava ilab le©  In p r a c t ic e ,  however, a 
p a ir  o f  c lo s e  packed p la n es  making f a i r l y  sm all a n g le s  w ith  th e ir r a ­
t io n a l  boundary w i l l  g iv e  r i s e  to  th e  l e a s t  e l a s t i c  s t r a in  en ergy .
We co n sid er  now th e  case  o f  th e  1 ( l  3 5 ) ’ v a r ia n t o f  th e  
*£l 3 5^  f tw in  in  m ercury. The p la n es  ( i l l ) ,  ( 1 0 1 )  and ( 1 1 3) 
and th e  r a t io n a l  ( 1 3 5 ) p lan e  a l l  co n ta in  th e  £ 1  2 i j  th in n in g  d ir e c ­
t io n .  The a n g le s  between th e se  p la n es  and th e ir r a t io n a l  ! ( I  3 5 ) T 
tv/in  boundary are 34-7°?  63*1 ° ,  33*5° and 0 .6 °  and th e  r e la t iv e  packing  
d e n s i t ie s  are 1 ,0 .5 3 ?  0 .5 0  and 0 .3 0  r e s p e c t iv e ly .  The most s u ita b le  
p a ir  o f  p la n es  i s  th e r e fo r e  th e  c lo s e s t  packed j>lane (1*1 l )  and ( l  1 3 )® 
A reg u la r  sequence o f  f a c e t s  on th e se  two p lan es w i l l  s t i l l  produce a 
r a t io n a l  p la n e , in  p a r t ic u la r ,  s in g le  f a c e t s  o f  ( l  I 3 ) and double 
f a c e t s  o f  (1 1 1) g iv e  r i s e  to  th e  r a t io n a l  ( l  3 5) p la n e , a s  shown in  
F ig . 5-1* The d e v ia t io n  o f  0 .6 1 5 °  from t h is  p lane to  g iv e  th e  ir r a t io n -  
a l  ( l  3 5 ) tw in  boundary can now be ob ta in ed  by removing a s in g le  fa c e t  
o f  th e  ( l  1 l )  p lan e in  approxim ately  o n e - f i f t e e n t h  o f  th e  in t e r f a c ia l  
stexDS. The r e s u lt in g  tw in  boundary s tr u c tu r e  i s  shown sc h e m a tic a lly  in  
Fig* 5*1*
The model f o r  th e  ’ ( !  3  5 ) ’ tw in n in g  p la n e  i s  th u s  a r a t io n a l
( 1 3 5 ) p la n e , d iv id ed  in to  a reg u la r  sequence o f  (1  1  1 ) and ( l  1 3 ) 
f a c e t s ,  to g e th e r  w ith  an o c c a s io n a l sm a ller  ( l  1 l )  f a c e t .  I f  th e  
tv/inning p lan e were e x a c t ly  ( 1 3 5 ) th e se  s te p s  would c le a r ly  be tw in ­
n ing d is lo c a t io n s  in  screw  o r ie n ta t io n .  In terms o f  th e  f ( l  3 5 ) ’ 
tw in  th ey  are in t e r f a c ia l  d is lo c a t io n s  whose long range s t r a in  f i e l d s  
e x a c t ly  b a lan ce th e  long range s t r a in s  a s so c ia te d  w ith  th e  sm all r o ta ­
t io n  o f  r e l a t iv e ly  la r g e  segm ents o f  th e  com position  p lan e to  th e  ' 
r a t io n a l  ( 1 3 5 )  o r ie n t a t io n .  However, i f  th e se  s te p s  in  th e tw in  
boundary move, th e  tw in  e i t h e r  grows or c o n tr a c ts  so  th a t  th ey  may be 
in te r p r e te d  as tw inning d i s lo c a t io n s .  Thus th e  1 1 1  3 5j  1 tw in  
boundaries o f  mercury have an i n t r in s i c  s e t  o f  screw  tw inning d is lo c a ­
t io n s .  I f  th e se  are pinned by o th er  d is lo c a t io n s  o f  s u ita b le  Burgers 
v e c to r  p a ss in g  through th e tw in  boundary, i t  may be p o s s ib le  fo r  th e  
tw in  to  grow by a p o le  mechanism such a s th a t d escr ib ed  by C o t tr e l l  
and B ilb y  (1951)* The p ro p o rtio n  o f  tw inning d is lo c a t io n s  w ith  screw  
component would o n ly  need to  be m aintained a t  th e  d e n s ity  n ecessa ry  fo r  
tv/in  boundary to  remain p a r a l le l  to  th e com position  p la n e . There would 
be l i t t l e  back s t r e s s  opposing growth, u n lik e  in  a Type I or Compound 
tw in  mode where th e  in tr o d u c t io n  o f  d is lo c a t io n s  in to  th e  r a t io n a l  
boundary cau ses long range s t r a in ,  and a la rg e  back s t r e s s .
The in te r a c t io n  o f  s l i p  d is lo c a t io n s  w ith  th e  boundary w i l l  
produce tw inning d is lo c a t io n s  o f  screw  edge or  mixed n a tu re . These 
in te r a c t io n s  are d isc u sse d  in  S e c t io n  5*4*
5 *2,2 In coh eren t in te r fa c e s
The in co h eren t in te r fa c e s  rep orted  in  S e c t io n  4 .5  were o f  two
ty p e s :
( i )  S tr a ig h t  in co h eren t s e c t io n s  in  o th erw ise  coherent  
tw in  boundaries as in  th e  m icrographs o f  F ig s .  4 .1 4  
to  4 .1 7 .  These in te r fa c e s  are o f  th e  type (0 1  l ) p /
(1 1 3 ) t .
(ix'< The boundaries between complementary tw in s a t  in t e r ­
s e c t io n  i :.is in  th e  m icrograph o f  F ig . 4*l4* These are  
o f  th e  ty p e  ( l  1 3 ) ^ / ( l  3 1 )^ ,where th e  s u b sc r ip ts  P,
T and T 1 r e f e r  to  p a r e n t , ! (1 3 5)* tw in  and 1(1 5 3 ) '  
tw in  r e s p e c t iv e ly .  Both ty p es  o f  in te r fa c e  are very  
s im ila r  in  nature as i s  i l lu s t r a t e d  in  Fig* 5 * 2 ( i)  and
( i i ) .
These f ig u r e s  are s e c t io n s  in  th e  p lan e o f  shear showing s c h e m a tic a lly ,  
cracks opened in  th e  c r y s ta l  to  accommodate s tr a in  a t  th e  in co h eren t in ­
te r fa c e s*  The two cracks may be c lo se d  by homogeneous s l i p  on (I  1 l )  
p la n es  in  tw in  or p aren t or b o th . The ( l  1 l )  j__0 I l /  s l i p  mode has a 
common p lan e o f  shear w ith  both tw in s in  th e  approxim ation c = - l / y  
(c  i s  th e  c o s in e  o f  th e  a x ia l  a n g le )*  The reg io n s  in  which homogeneous 
s l i p  must occur to  c lo s e  th e  cracks are in d ic a te d  in  th e  two diagrams 
by c lo s e ly  spaced shading*
Thus th e phenomena o f  cro ss-tw in n in g  and in coh eren t in t e r ­
fa c e s  are d ic ta te d  by th e  c r y s ta llo g r a p h ic  r e la t io n s h ip  between tw in s  
and s l i p .  T his i s  summarised in  th e  statem en t th a t  -the tw in  and d l ip  
modes ' ( l  3 5 ) '  f l  2 l ] ,  ' ( I  5 3 ) ' [ l  1 ajand ( l  1 1) £o 1 i ]  have a 
common p lan e o f  shear and can th e r e fo r e  m u ta lly  accommodate each o th e r .
5 ° 3  Accommodation o f  ' { 1 3 5 1 1 tw ins
The shear magnitude o f  ? 5 5 1  ? tw in s i s  0*63* T his means
th a t  th e  s t r e s s e s  around th e  growing t ip s  o f  th e se  tw in s must be extrem e­
ly  la r g e . I t  i s  very  u n lik e ly  th a t  th ey  are accommodated \?holly  by 
e l a s t i c  s t r a in  during growth* Sleesw y^k ( 1962) proposed a mechanism by 
which th e se  s t r e s s e s  cou ld  be r e l ie v e d  fo r  b *c*c. tw in s . T his mechanism 
in v o lv e s  th e  g en era tio n  o f  s l i p  d is lo c a t io n s  by th e  d is s o c ia t io n  o f  
tw inning  d is lo c a t io n s  which then  move ahead o f  th e in co h e re n t, growing
tw in  boundary, accommodating th e  la rg e  s tr e s s e s *  Thin f o i l  e le c tr o n  m i- 
croscophy has revv-O.od s l i p  d is lo c a t io n s  ahead o f  th e  t ip s  o f  tw in s in
b .c*c«  m e ta ls . This mechanism i s  p o s s ib le  in  b . c . c .  m a te r ia ls  because  
s l i p  and tw inning d is lo c a t io n s  have Burgers v e c to r s  in  the same d ir e c ­
t io n .  Twins in  b . c . c .  have a shear o f  *707; i t  i s  probable th e r e fo r e
th a t  mercury tw in s w ith  a shear o f  .63 must a ls o  be accommodated
p l a s t i c a l l y  during growth.
I t  has been shown in  S e c tio n  4 .2  and S u b section  5 * 2 .2  th a t  
s l i p  on th e  | l  1 ? } < o  I  1 >  system  can accommodate in coh eren t tw in  
boundaries o f  two ty p es: th o se  a t  complementary tw in  in te r s e c t io n s  and 
a ls o  s tr a ig h t  s e c t io n s  o f  th e  typ e £ 0 1 l j / £ l  1 3 Jfound in  o th erw ise  
coh eren t boundaries and a t  th e  t ip  o f  a tw in . Both th e se  boundaries 
c o n s is t  o f  edge tw inning d i s lo c a t io n s .  Indeed, any in coh eren t tw in  
boundary c o n s is t in g  o f  edge tw inning d is lo c a t io n s  may be accommodated 
p a r t ia l ly  by s l i p  on th e system  { 1  1 l } < 0  I l y 7 • T his su g g e sts  an 
accommodation mechanism during growth.
F ig . 5*3 shows th e  growing t ip  o f  a tw in  c o n s is t in g  o f  edge 
tw inning d is lo c a t io n s .  The diagram i s  the '(3  1 l ) '  s e c t io n ,  which i s
th e p lan e o f  shear o f  th e  ' [  1 3 5 ) 1 tw in . The e l a s t i c  s t r a in  in  th e
parent m a ter ia l j u s t  ahead o f  th e  tw in t ip  could  be accommodated p a r t ia l ­
ly  by th e  g en era tio n  o f  d is lo c a t io n  p a ir s  o f  Burgers vectors 2 (_0 1 lj .  * 
and {- Lo 1  I J . T his i s  rep resen ted  in  the diagram by two d is lo c a t io n s  
o f  o p p o site  s ig n  on e i t h e r  s id e  o f  th e  tw in . As th e  tv/in advances, 
th e se  p a ir s  w i l l  move apart and th e  tw in w i l l  p ass between them; ad d i­
t io n a l  p a ir s  w i l l  then be gen erated  ahead o f  the t i p .  I t  can be seen  
from th e  diagram th a t  th e  in co h eren t in te r fa c e  on th e  l e f t  can be 
accommodated more e a s i l y  than th a t  on th e r ig h t .  T h u s(^ Ie ft hand 
boundary o f  th e  t ip  i s  l i k e l y  to  be more in coh eren t than th e r ig h t .
T his i s  c o n s is te n t  w ith  th e  morphology o f  tw in s , se e  fo r  example F ig . 
4 .17*  The d is lo c a t io n  p a ir s  w i l l  tend to  form in to  k ink boundaries
when growth has stopped in  order to  m inim ise t h e ir  energy* Indeed, 
sm all k inks can be seen  coming from th e  tw in t ip  in  th e  micrograph o f  
F ig . 4 .1 6 .  In a d d it io n , s l i p  on ( I  1 1) p lan es was found in  a s s o c ia t io n  
w ith  1 ( I  3 '5 )' tw in s iri each o f ' th e''seven  c r y s ta ls  which twinned during  
bending t e s t s .
I t  i s  p o s s ib le  th a t  a s im ila r  mechanism o f  accommodation 
o p era tes  in  £ l  1 2  1^  tw inning in  h*c«p* m a te r ia ls ;  s in c e  the and r)^  
elem en ts o f  t h is  mode are  th e same a s th e  o p era tiv e  s l i p  system  (0001) 
£ l l 2  oJ[ ° Indeed, t h i s  mode Las a shear o f  a /c  tirhich, fo r  h .c .p .  
m eta ls , i s  o f  a very  s im ila r  magnitude to  th e shear o f  mercury tw in s .
I t  may be th a t  a l l  tw in s w ith  sh ears g r ea ter  than 0 ,6  must be accommo­
dated  p l a s t i c a l l y  during growth. I t  th e r e fo r e  fo llo w s  th a t  th e  
op era tio n  o f  any c r y s ta l lo g r a p h ic a l ly  p o s s ib le  tw in  mode w ith  h igh  
sh ea r , depends upon w hether i t  can be accommodated by s l i p .
5*3 The tw inning tran sform ation
Each d ir e c t io n  and p lan e in  th e  parent m a ter ia l i s  transform ed
by th e tw inning shear in to  an other d ir e c t io n  and p lan e in  th e  twinned
m a te r ia l. The ’ 1 3 5 ^  1 mode i s  a Type II  tw in  mode. The tw in  and
p arent o r ie n ta t io n s  are  r e la te d  by a r o ta t io n  o f  te about Thus th e
b ases used to  d e f in e  d ir e c t io n s  and p la n es  in  th e tw inned m a ter ia l may
be r e la te d  by a r o ta t io n  o f  % about T] .  F ig . 5 .4  i s  a 1 1 1 p r o je c t io nX
o f  th e  mercury s tr u c tu r e  showing th e  p r in c ip a l d ir e c t io n s  and p la n e s .
The corresponding d ir e c t io n s  and p la n es  o f  the * ( l  3 5 ) ’ tw in , o b ta in ed  
by a r o ta t io n  o f  te about q are a ls o  marked. The s u b s c r ip ts  P and T 
r e la t e  to  th e  ’p a r e n t’ and 'tw in n ed 1 m a te r ia l. The d ir e c te d  a rcs  o f  
g rea t c i r c l e s  connect d ir e c t io n s  or  p la n es  in  th e  parent m a ter ia l to  
th e  d ir e c t io n s  or £>lanes in to  which th ey  are transform ed by th e  a c t io n  
o f  th e  tw inning sh e a r . D ir e c t io n s  move a lon g  g rea t c i r c l e s  towards rj^, 
p la n es  move a lon g  g rea t c i r c l e s  towards K^.
The tr^r^'formed d ir e c t io n  or p lane in  th e  tw in  may be ob ta in ed
by u sin g  a tra n sfo rm a tio n  m atrix  T. Thus = T u and h„ = h T~T ~"p —‘T —p
T was determ ined u sin g  p la n es  and d ir e c t io n s  fo r  which th e  r e s u lt  o f
th e  tran sform ation  was known* Thus t h i s  m atrix  was found to  be g iven  by
T « i
Table 5*1 g iv e s  th e  r e s u l t s  o f  ap p ly in g  t h is  tran sform ation  
fo r  th e  p r in c ip a l xjlanes and d ir e c t io n s  o f  th e  mercury s tr u c tu r e . The 
columns o f  t h i s  ta b le  g iv e  u^, th e  an g le  between up and hp , 
and th e  an g le  between and in  th a t  order*
5*4 The in te r a c t io n  o f  s l i p  d is lo c a t io n s  w ith  th e  tw in  . ..
boundary*
5*4*1 D is lo c a t io n  R eaction s
When a s l i p  d is lo c a t io n  p a sse s  through a tv/in boundary in to  
th e  tw inned m a te r ia l, a s te p  i s  l e f t  in  the boundary* Any s te p  in  a 
tw in  boundary w i l l  behave as a tw inning  d is lo c a t io n *  Thus once th e  
s te p  has been crea ted  i t  may move in  th e  tw in boundary cau sin g  th e  tw in  
to  grow or con tract*  The number o f  u n it  la y e r s  o f  th e  com p osition  p lane  
con ta in ed  in  a s te p  i s  eq u al to  th e number o f  tw inning d is lo c a t io n s  in  
th e step *  Thus th e  number o f  tw in n in g  d is lo c a t io n s  crea ted  by a s l i p  
d is lo c a t io n ,  Burgers v e c to r  Jd tr a v e r s in g  the tw in boundary, may be 
determined*
Let m be the normal to  th e  com position  p lane r e la t iv e  to  th e  
r e c ip r o c a l l a t t i c e  b a s i s ,  where the components o f  m are r a t io n a l  and 
in te g r a l*  The v e r t i c a l  h e ig h t  o f  th e  s te p  normal to  th e  com position  
p lan e i s  (m . b ) /  m
I I I  
2 0  2
I I I
Thus th e  number o f  tw inning  d is lo c a t io n s ,  n , con ta in ed  in  th e  s te p  i s  
g iv en  by
n -  (_m„ ) /  m d
o$,i
where d i s  th e  in te r p la n a r  sp ac in g  o f  th e  com pletion  p la n e . However, 
i f  a l l  th e  in d ic e s  o f  m are a l l  odd in te g e r s
then  d 1  = rn
thus n = m . Jd (5*3)
The e f f e c t s  o f  d is lo c a t io n s  in  th e mercury s tr u c tu r e  t r a v e r s ­
in g  th e  1( l  3 5 ) ’ com p osition  p lan e are summarised in  Table 5*2 . A 
s im ila r  a n a ly s is  has been c a r r ied  out by I s h i i  and Kiho ( 1 9 6 3 ) fo r
tw in s in  te tr a g o n a l {3-tin . The boundary i s  taken to  be th e r a t io n a l
( 1 3 5 )  p lane in  c a lc u la t in g  d . T his i s  j u s t i f i e d  s in c e  in  S e c tio n  5*2
th e  com p osition  p lan e has been shown to  c o n s is t  o f  la rg e  f a c e t s  o f  th e  
( 1 3 5 ) in te r fa c e  co n ta in in g  screw  o r ie n te d  u n it  tw inning d is lo c a t io n s  
a t  reg u la r  in t e r v a ls .  The f fr s t  and second rows o f  Table 5*2 g iv e  th e  
Burgers v e c to r s  o f  s l i p  d is lo c a t io n s  in  the parent and twinned m a ter ia l 
r e s p e c t iv e ly ,  th e  second row b ein g  th e transform ed v e c to r s  o f  th e  f i r s t  
row® The th ir d  row g iv e s  the number o f  tw inning d is lo c a t io n s  generated  
in  th e  boundary, c a lc u la te d  u sin g  eq u ation  (5*3)° The p o s i t iv e  or nega­
t iv e  s ig n s  in d ic a te  th e  sen se  o f  th e  s te p  r e la t iv e  to  the tw inning  
d ir e c t io n .  Table 5 ©2 in  f a c t  g iv e s  p o s s ib le  d is lo c a t io n  r e a c t io n s .  For 
exam ple, th e frrst column g iv e s  th e  r e a c t io n
i  C o  I  d p - r t l  Co 1  i]T - 4  bT
where i s  Burgers v e c to r  o f  a u n it  tw inning d is lo c a t io n .
The s l i p  p lan e on which th e  s l i p  d is lo c a t io n  l i e s  determ ines  
whether th e  W in n in g  d is lo c a t io n  has a screw , edge or mixed n a tu r e . The
tw inning d is lo c a t io n  w i l l  in  f a c t  l i e  a long th e  l in e  o f  in te r s e c t io n  o f  
th e s l i p  p lane and th e  com p osition  p la n e . D is lo c a t io n s  ly in g  a long th e
d ir e c t io n s  C l  2 l ]  and ' O  1 O '  are screw  and edge r e s p e c t iv e ly .
Rows 7 and 8 o f  Table 5*2 g iv e  r e s p e c t iv e ly  th e  p o ss ib le  s l i p  p la n es  in  
th e  parent and th e  p la n es  in to  which th ey  are transform ed in  th e  twinned  
m a ter ia ls  The l a s t  row g iv e s  th e  nature o f  the tw inning d is lo c a t io n  
screw  (S) edge (E) or mixed (M).
Table 5 -2  g iv e s  a l l  p o s s ib le  d is lo c a t io n  r e a c t io n s  in  which
a s in g le  s l i p  d is lo c a t io n  in  th e  p aren t m a ter ia l d is s o c ia t e s  in to  a
s in g le  s l i p  d is lo c a t io n  in  th e  tw in  m a ter ia l p lu s  a number o f  tw inning  
d is lo c a t io n s *  The p a ir s  o f  r e a c t io n s  ( 2 ) ,  (3 ) and ( 6 ) ,  (7 ) ex p ress  th e
same p r o c e sse s  occu rrin g  in  o p p o site  s e n s e s .
The l ik e l ih o o d  o f  a p a r t ic u la r  r e a c t io n  o ccu rrin g  depends upon 
two c r i t e r ia  ( i )  th e  m o b ility  o f  th e  d is lo c a t io n s  in v o lv ed  in  th e  rea c ­
t io n ,  ( i i )  th e  change o f  energy in v o lv ed  in  the r e a c t io n .
I t  i s  known th a t  J L o  1 and tv/inning d is lo c a t io n s  are  
h ig h ly  m ob ile . D is lo c a t io n s  w ith  i T  0 1 l 3  Burgers v e c to r  are l e s s  
m ob ile , s in c e  th ey  have a c r i t i c a l  r e so lv e d  shear s t r e s s  o f  2 to  3 
tim es th a t  o f  th e  i£ , 0 1  1 j| d i s lo c a t io n s .  No in form ation  i s  a v a ila b le  
f o r £~0 1  0_jl d is lo c a t io n s ,  b u t th e s e  are probably s e s s i l e ,  i f  indeed th ey
e x i s t  a t  a l l .  Thus o n ly  in  th e  case  o f  r e a c t io n  ( l )  are a l l  th e  d i s l o ­
c a t io n s  h ig h ly  g l i s s i l e .  I t  i s  s t i l l  p o s s ib le  fo r  th e  r e a c t io n s  (2 ) to  
( 6 ) to  occur however, i f  th e  tw in  boundary advances le a v in g  product 
d is lo c a t io n s  imbedded in  th e tw in  m a te r ia l. R eaction s which take p la c e  
by th e  a c t io n  o f  parent i  F o  1  1 1 d is lo c a t io n s  on th e  tw in  boundary are  
o n ly  l i k e l y  to  occur in  s t r e s s  f i e l d s  in  which th e se  d is lo c a t io n s  move 
in  p re feren ce  to  i  Co 1 l j  d is lo c a t io n s *  In f a c t ,  t e n s i l e  s tr a in s  
which cause tw inning on th e  ( 1 3 5 ) v a r ia n t are a ls o  most l i k e l y  to  
cause s l i p  in v o lv in g  J L l  0 Inland i t ,  1  1  o 3  d is lo c a t io n s ,  i f  tw inning
cannot accommodate th e  s t r a in  com pletely* Thus r e a c t io n s  (4 ) and (5 )  
are  more p roab le than th ey  m ight a t  f i r s t  appear® Thus c r i t e r io n  ( i )  
a l l lw 3 a l l  r e a c t io n s  ex cep t ( 7 )©
C r ite r io n  ( i i ) ,  th e  energy change in v o lv ed  in  th e  r e a c t io n ,  
depends upon E (s te p )  = nE^ th e energy o f  the s te p  in  th e  tw in  boundary 
E^, th e  d if fe r e n c e  in  energy between a £ f o  1  l j  and a I L o 1  i j  d i s ­
lo c a t io n s  and E th e d if fe r e n c e  in  energy between a£b 1  o j  and a 
i  LO 1 l j f  d is lo ca tio n ®  The m agnitudes o f  a l l  th ree  e n e r g ie s  are un­
certain®  I s t r o p ic  e l a s t i c i t y  g iv e s  E s E : E *a 1 : - 1 1 : 33 but t h i s1 1 0
i s  probably very  in a c c u r a te . The t o t a l  energy change, p o s i t iv e  fo r  an 
in c r e a s e , i s  shown in  row 5 o f  Table From t h i s  i t  can be seen
th a t  r e a c t io n s  (4 ) and ( 5 ) req u ire  fou r tim es l e s s  energy than ( l ) ,  
but noth in g  d e f in i t e  can be s a id  fo r  th e  energy req u ired  fo r  th e  o th er  
r e a c t io n s .
5 *4 «2 I n te r p r e ta t io n  o f  o b se rv a tio n s
In t h i s  s u b s e c t io n , the l e t t e r  n o ta tio n  fo r  p la n es  and 
d ir e c t io n s  as d e fin ed  in  S e c tio n  1*8 w i l l  be used® The standard 1 1 1  
p r o je c t io n  d e f in in g  t h i s  n o ta t io n , F ig .  1*8 i s  found a t  th e  end o f  t h i s  
chapter*
The r e s u l t s  rep orted  in  S e c tio n  4*4 . showed th a t  d is lo c a t io n s  
ly in g  in  p la n es  A and p o s s ib ly  C a ls o  do n ot norm ally p ass through tw in  
boundary a in  a p p rec ia b le  numbers, even under th e m agnified  s t r e s s  due 
to  a p i l e  up® Only when th e  s t r e s s  m a g n ifica tio n  i s  very la r g e , as fo r  
example a t  th e  end o f  a tw in , do d is lo c a t io n s  on p lan e A tr a v e r se  th e  
boundary o f  th e  twin® S in ce deform ation  t e s t s  were performed a t  l iq u id  
a ir  tem perature, i t  may be assumed th a t  th e  g l i s s i l e  d is lo c a t io n s  were 
o f  th e  -a Lo  1 lU ty p e *  Thus we may conclude th a t d is lo c a t io n  r e a c t io n s  
( l )  and p o s s ib ly  ( 2 ) do n ot occur a p p rec ia b ly  a t  a s t r e s s  o f  th e  order
o f  or s l i g h t l y  g r e a te r  than th e  flo w  stress©  R eaction  ( l )  however 
occu rs in  r eg io n s  o f  la r g e  s t r e s s  m a g n ifica tio n  as fo r  example a t  th e  
end o f  a twin© S in ce r e a c t io n s  (4 )  and (5 ) req u ire  l e s s  energy than  
( l )  i t  i s  l i k e l y  th a t  th e se  would occur under sm a ller  s t r e s s  f i e l d s  
provided  th a t  th e  \  j_0 1  i l  or th e  i l l  1  (^ d is lo c a t io n s  were mobile©
I f  r e a c t io n  (2 ) does not occur a t  normal s t r e s s e s ,  i t  i s  l i k e l y  th a t  
th e  d if fe r e n c e  in  energy E  ^ between i  f o  1 l j a n d  2 Lp 1  l j .  d is lo c a ­
t io n s  i s  p o sitiv e©  T his i s  o p p o s ite  to  th e r e s u lt  o f  i s o t r o p ic  e l a s t i -  
tfdUi+U
c i t y /  A t  E  ^ i s  a ls o  g r e a te r  than E , then r e a c t io n  (3 ) x+ould cause a 
d ecrease  in  energy and would thus be very  l i k e l y  to  occu r.
F ig . 5*5 i s  a sch em atic  diagram showing s ta g e s  in  r e a c t io n  
( l )  in  which th e  i n i t i a l  s l i p  d is lo c a t io n  i s  e i t h e r  p o s i t i v e ,  ( i i )  (b ) 
to  ( v ) ( b ) ,  or n e g a tiv e  ( i i ) ( a )  to  ( v ) ( a ) .  These two r e a c t io n s  c re a te  
edge tw inning d is lo c a t io n s  o f  o p p o s ite  s ig n s ,  but s in c e  th e  d is lo c a t io n s  
may move in  e i t h e r  d ir e c t io n  a f t e r  th ey  have been c r e a te d , both rea c ­
t io n s  may cause growth or c o n tr a c tio n  o f  th e  tw in .
5 »5 A d is lo c a t io n  d is s o c ia t io n  mechanism fo r  th e
n u c le a tio n  o f  tw in s .
Seven p o s s ib le  d is lo c a t io n  r e a c t io n s  have been proposed in  
Table 5*2 . P r e v io u s ly , th e se  r e a c t io n  eq u a tio n s , ( l )  to  (7 )?  have 
been used to  d e sc r ib e  th e  in te r a c t io n  o f  s l i p  d is lo c a t io n s  w ith  a tw in  
boundary. I t  i s  p o s s ib le ,  however, to  in te r p r e t  th e se  Burgers v e c to r  
eq u a tio n s a s th e  d is s o c ia t io n  o f  one d is lo c a t io n  in to  a tw inning d i s l o ­
c a t io n  p lu s  a th ir d  d is lo c a t io n  whose Burgers v e c to r  i s  a low index  
v e c to r  in  th e  tw in  la t t ic e ©  Thus r e a c t io n  (2 ) i s  th e  d is s o c ia t io n  o f  a 
t j j  1  o j  d is lo c a t io n  in to  one tw inning d is lo c a t io n  p lu s  a s' C o 1  J  
d is lo c a t io n  in  the tw in  la tt ic e ®  The Burgers v e c to r  o f  th e  th ir d  d i s ­
lo c a t io n  o f  t h i s  r e a c t io n  w i l l  have d i f f e r e n t  in d ic e s  r e la t iv e  to  th e  
parent l a t t i c e ,  lout i t s  magnitude i s  o f  course independent o f  th e  
l a t t i c e  to  which i t  i s  related©  D is s o c ia t io n  may occur sp on tan eou sly
i f  i t  r e s u lt s  in  a red u ctio n  in  th e  t o t a l  energy* Thus none o f  th e  
r e a c t io n s  ( 1 ) ,  ( 4 ) ,  (5 ) or ( 6 ) are l i k e l y  to  occur sp o n ta n eo u sly , s in c e  
th ey  a l l  req u ire  a d d it io n a l energy* One o f  th e  two r e a c t io n s  (2 ) and 
(3 ) probably r e s u l t s  in  a red u ctio n  in  energy and th u s could  lea d  to  
d is s o c ia t io n .  However, both  th e  u n d isso c ia te d  d is lo c a t io n s  o f  th e se  
two r e a c t io n s  are known to  a c t  a s  s l i p  d is lo c a t io n s .  I t  i s  th e r e fo r e  
u n lik e ly  th a t  th ey  d is s o c ia t e  in to  tw inning d is lo c a t io n s  as t h i s  would 
im m obilise them. In r e a c t io n  (7)«  however, th e  u n d isso c ia te d  d is lo c a t io n  
i s  probably s e s s i l e ,  s in c e  i t s  Burgers v e c to r  Co 1  o j  does not l i e  in  
any o f  th e  e s ta b l is h e d  s l i p  p la n e s . The r e s u lt  o f  d is s o c ia t io n  i s  pro­
bab ly  a red u ctio n  in  en ergy . I s o tr o p ic  e l a s t i c i t y  g iv e s  a 1*6:1 reduc­
t io n  in  e l a s t i c  energy* Thus th e  r e a c t io n
C° 1 ° 1  p >  J fi 0  i 7 t + 3 ^  (7 )
may r e s u lt  in  th e  p rod u ction  o f  tw in  n u c le i*  The a l t e r n a t iv e  d is s o ­
c ia t io n s
L °  1  ° 1 P I  LJ 1  o l p + *  Dl 1  o l p (8 )
and [ O 1 0 j p  ^ 4 L 0 l l 2 p  + l £ 0  1 l 2 p  ( 9 )
do not r e s u lt  in  a red u ctio n  o f  i s o t r o p ic  e l a s t i c  energy* The proposed  
mechanism fo r  th e  product o f  tw in  n u c le i  from [jp 1  c j  d is lo c a t io n s  i s  
as fo llo w s  below .
tu r e , e i t h e r  as grown~in d is lo c a t io n s  or as products o f  th e  rev e r se  o f  
r e a c t io n s  ( 8) and ( 9 )« S e c t io n s  o f  th e se  d is lo c a t io n s  may l i e  in  th e  
1 ( l  3 5 ) ’ plane* These s e c t io n s  may d is s o c ia t e  as in  F ig . 5 «6( i )  in  
order to  reduce th e  energy o f  he system . Thus two nodes N and N areJL c*
formed a t  th e  p o in ts  where th e Q) 1  o j  d is lo c a t io n  le a v e s  th e  ' ( l  3 5 ) 1
p la n e . The (£ l O l j ^  d is lo c a t io n  w i l l  be com p letely  s e s s i l e ,  s in c e  i t s  
Burgers v e c to r  does n p t , l i e  in  any...o£ th e  e s ta b l is h e d  s l i p  p la n e s . The 
tw inning d is lo c a t io n ”3 "b w i l l  be" g l ' i s s l l e  in  th e  1 (1 3 5 ) ‘ p la n e . Thus 
t h i s  c o n fig u r a tio n  may a c t  a s  a sou rce o f  tw inning d is lo c a t io n s  accord ­
in g  to  th e  ’p o le ’ mechanism fo r  b * c .c .  m eta ls d escr ib ed  by C o t tr e l l  and 
B ilb y  (1951) er  th e  m od ified  v e r s io n  o f  V enables ( 1961 ) fo r  f . c . c *  
m eta ls .
The ’p o le ’ mechanism i s  i l lu s t r a t e d  in  th e  s e r ie s  o f  diagrams 
F ig . 5 - 6 ( i )  to  ( v ) .  I t  r e l i e s  on th e  p rop erty  th a t  th e  u n d isso c ia te d  
’p o le ’ d is lo c a t io n  X and Y have a Burgers v e c to r  component normal to  th e  
tw in  com position  p la n e . Thus, in  r o ta t in g  once about e i t h e r  o f  th e  
nodes or N^, th e  tw inning d is lo c a t io n  moves on to  th e  n ext la y e r  o f  
th e  com p osition  p la n e . In  ( i i )  th e  s e c t io n s  P and Q o f  th e  tw inning  
d is lo c a t io n  are  sep a ra ted  by one la y e r  d is ta n c e . S in ce  th e  s e c t io n s  P 
and Q have mutual a t t r a c t io n ,  a la r g e  amount o f  energy i s  req u ired  fo r  
them to  p ass each o th e r . In V en a b les ' mechanism t h i s  d i f f i c u l t y  i s  
overcome by means o f  a u n it  jo g  which t r a v e ls  a lon g  th e  s e s s i l e  p a r t ia l  
d is lo c a t io n  from one o f  th e  n od es. Thus a s e c t io n  T in  ( i i i )  o f  th e  
o r ig in a l,  source i s  produced. T his may d is s o c ia t e ,  forming a second  
loop  o f  tw inning d is lo c a t io n  a s in  ( i v ) .  The s e c t io n  P and R o f  th e  
f i r s t  and second lo o p s r e s p e c t iv e ly  can now a n n ih ila te  a s  in  F ig . 5-6
(v ) forming a continuous s p ir a l  o f  tw inning d isd b ca tio n  which can expand 
to  form a le n t ic u la r  tw in .
In order fo r  th e  w hole o f  th e  s tr u c tu r e  to  be tw inned, i t  i s  
n ecessa ry  th a t  th e  Burgers v e c to r  component o f  th e  ’p o le ’ d is lo c a t io n  
normal to  th e  com p osition  p lan e  i s  equal to  th e  w idth  o f  tv/in la y e r  
produced by th e  tw inning d is lo c a t io n .  T his i s  tru e  fo r  the ( 0 1 0J  d i s ­
lo c a t io n  in  mercury, s in c e  i t s  Bui'gers v e c to r  component normal to  th e  
(1  3 5 ) com p osition  p lan e  i s  ( l  3 5 )* I 0 1  o]  vtr'.rfj. eq u a ls  3 la y e r  
sp a c in g s o f  ( l  3 5)© The tw inning  d is lo c a t io n  has a Burgers v e c to r  3b^,.
Thus th e  whole s tr u c tu r e  w i l l  be twinned by th e  p o le  mechanism
This mechanism i s  p o s tu la te d  here fo r  mercury as a means o f
producing tw in  n u c le i .  I t  i s  l i k e l y  th a t  some o th er  mechanism o f
growth predom inates once th e  tv/in  n u cleu s has been formed.
I t  i s  s ig n i f i c a n t  th a t n u c le a tio n  o f  tw in s in  mercury occurs
a t  low s t r a in s  o f  th e  order o f  0.5% whereas in  f . c . c .  m eta ls th e  p o le
mechanism was p o s tu la te d  fo r  th e  work hardened s t a t e .  Thus in  
V en ab les’ mechanism, th e  source i s  a long jog  in  a s l i p  d is lo c a t io n .  
Another proposed mechanism fo r  f . c . c .  tw inning in v o lv e s  a Lomer- 
C o tte r e l d is lo c a t io n .  Both th e se  fe a tu r e s  are th e  r e s u lt  o f  work 
h arden ing. In c o n tr a s t ,  any tw in  n u c le a tio n  mechanism fo r  mercury 
must be p resen t in  th e  grown or l i g h t l y  deformed s t a t e .  The ra th er  
sm all number o f  very  long tv /in s , produced in  bending experim ents d es­
cr ib ed  in  Chapters I I I  and IV, in d ic a te s  th a t  th e  number o f  tw in  
n u c le i ,  which can op erate  a t  low s t r a in s ,  i s  sm a ll.
The ’c l i c k ’ , heard when th e  tv/ins emerge a t  th e  su r fa ce  o f  a 
c r y s ta l  in d ic a te s  th a t  very  rap id  growth has occurred fo llo w in g  n u c lea ­
t io n .  Thus, i t  i s  probable th a t  a t  l e a s t  one s ta g e  o f  the n u c le a tio n  
p ro cess  in v o lv e s  th e  overcom ing o f  a la rg e  energy b a r r ie r , a f t e r  w hich, 
growth becomes very  much e a s ie r .  The energy b a r r ie r  regarded by 
V enables ( 1961 ) a s  th e  major one in  f . c . c .  tw inning i s  th e  energy r e ­
q u ired  to  in c r e a se  th e  curvature o f  th e  tw inning d is lo c a t io n  in  the  
i n i t i a l  s ta g e  o f  F ig . 5 <»6 ( i ) .  E ith e r  a b a r r ie r  o f  t h i s  type or some 
o th er  b a r r ie r  may be th e major one c o n tr o ll in g  the p rod u ction  o f  
mercury tw in s . A lt e r n a t iv e ly ,  a homogeneous n u c le a tio n  mechanism could  
o p e r a te . T his i s  d isc u sse d  in  S e c tio n  5 .7 .
5 . 6  Sp h ero id  m odels
5 - 6 . 1  I n tr o d u c t io n
A g r e a te r  u nderstand ing o f  im p er fec tio n s  and deform ation  modes 
o f  f „ c . c .  and b .c .c *  s tr u c tu r e s  has been ob ta in ed  u sin g  b a l l  m odels 
L au ten sch lager e t  a l  ( 1967) and H irsch  ( 1963)-  In order to  co n stru c t  
e q u iv a le n t  m odels fo r  m ercury, i t  i s  n ecessa ry  to  u se  spheroids*  T his  
may be seen  q u ite  s im p ly , s in c e  th e  fa c e  cen tred  rhombohedral s tr u c tu r e  
o f  mercury may be d er iv ed  from f , c * c .  by com pression a lon g  a f i  1  l j  
d ir e c t io n .  Thus, th e  sp h eres become o b la te  sp h e r o id s , having a c ir c u la r  
c r o s s - s e c t io n  in  th e  new unique ( i l l )  p lane* The s tr u c tu r e  i s  s t i l l  
c lo s e  packed fo r  th e se  sp h ero id s  which r e ta in  the. th r e e - f o ld  s ta c k in g  
sequence o f  th e  o r ig in a l  f . c . c *  ( l  1 l )  la y ers*  The c r o s s - s e c t io n  o f  
one o f  th e se  sp h ero id s  normal to  th e ( i l l )  p lan e  becomes ati e l l i p s e  
in  which th e  r a t io  o f  minor to  major axes i s  0*787°
Spheroids o f  t h i s  shape have been made by moudling expanded 
£30ly sty ren e*  The h ig h  d e n s ity  p o ly sty r e n e  we have chosen has a smooth 
and accu ra te  su r fa c e  f in is h *  The minor and major axes are 3*15 and 4*00  
+0*02 cm- r e s p e c t iv e ly .  Models were co n stru cted  by g lu e in g  to g e th e r  
s e v e r a l  sp h ero id s  to  form s e c t io n s  o f  th e  ( i l l )  p lane* These s e c t io n s  
were then  used to  b u ild  up th e  d e s ir e d  c r y s ta llo g r a p h ic  plane*
In t h i s  s e c t io n  o f  th e  ch a p ter , the fa c e  cen tred  rhombohedral 
in d ic e s  used to  d e f in e  p la n es  and d ir e c t io n s  in  mercury w i l l  be used to  
d e f in e  p la n es  and d ir e c t io n s  in  th e se  sp h ero id  models*
Models o f  th e  |jL 1 l j -  p la n e , th e  s l i p  p lan e  o f  mercury, were 
co n stru c ted  by Crocker and A b e ll ( 1967) to  determ ine th e  ea sy  s l i p  
d ir e c t io n  and a ls o  th e  p a r t ia l  d is lo c a t io n  s tr u c tu r e . They have shown ,1 
th a t  th e e a s ie s t  s l i p  d ir e c t io n  is-<£l 1  0>  which is in  agreem ent w ith  
th e  r e s u l t s  fo r  mercury o f  R ider and H eckscher ( 1966) .  The models have 
a ls o  shown th a t  th e  most l i k e l y  p a r t ia l  d is lo c a t io n s  in to  which th e
i  <3- 1 0 ^ > slip  d is lo c a t io n  may d is s o c ia t e  are s im ila r  to  th o se  p r e d ic t ­
ed fo r  mercury by H eckscher and Crocker ( 1965)* Thus th e  f i r s t  a p p l i ­
c a t io n  o f  th e se  m odels to  deform ation  by s l i p  g iv e s  encouragement th a t  
th ey  may have w ider re lev a n ce  to  th e  study o f  th e  deform ation  behaviour  
o f  mercury# In p a r t ic u la r  th ey  may h e lp  in  understanding deform ation  
twinning®
5.6 .2®  The ^ 1 5 5}  p lane
Two £ 1 3 5 J p la n es  have been c o n stru c te d . F ig s .  5 * 7 ( i)  and
( i i )  i s  a photograph o f  th e  two p o s s ib le  forms o f  t h i s  p la n e , 1 1  3 5^  
and which are r e la te d  by m irror r e f l e c t io n  as d isc u ssed  in
S e c t io n  1 .8 .  The two c lo s e s t  packed d ir e c t io n s  in  th e se  p la n es  are  
th e  <!j[ 2 l y *and <^ 2 1 l^ > ty p e s . F ig s .  5*8 and 5*9 are photographs o f  
two ( 1 3 5 ) p la n es  f i t t e d  to g e th e r  in  th e  tw in  o r ie n ta t io n  r e la t io n -  
s h ip . F ig .  5*8 i s  a s e c t io n  p a r a l le l  to  th e  p lan e o f  shear '(3  1 l ) ’ 
and F ig . 5.9 i s  a s e c t io n  lo o k in g  a long t h e ^ l  2 1^>twinning d ir e c t io n .  
The two f a c e t s  exposed in  th e  l a t t e r  case are the (1 1  l )  p la n es  in  
p aren t and tw in  which are r e s p e c t iv e ly  th e  K and IC 1 p la n es  o f  th eci &
' ( l  3 5 ) ’ tw in .
The diagram o fth e  £ l  3 5^ p la n e , F ig . 5 « 1 0 ( i)  shows th a t th er e  
are  fou r  la y e r s  o f  sp h ero id s v i s i b l e ;  th e se  are marked 0 , 1 , 2 and 3 
r e s p e c t iv e ly ,  0 being th e  most exposed la y e r . The corresponding atoms 
in  s u c c e s s iv e  la y e r s  o f  th e  tw in  are la b e l le d  O’ , 1 ’ , 2 ’ , 3 ’ in  F ig .  
5 #10 ( i i )  which i s  a diagram o f  th e  tw in  sp h ero id s in  th e p o s i t io n  which  
g iv e s  most in tim a te  c o n ta c t  between th e im rent and tw in  in te r fa c e s .
The r e la t iv e  p o s i t io n s  o f  th e  sp h ero id s  in  th e  two l a t t i c e s  w i l l  not  
n e c e s s a r i ly  be th o se  g iv en  by th e tw inning shear though th e  r e la t iv e  
o r ie n ta t io n s  are g iv en  by th e  Type I I  r e la t io n s h ip :  a r o ta t io n  o f  n 
about t h e I  2 I n d i r e c t i o n .  The number o f  c o n ta c ts  or  near c o n ta c ts  
between p aren t and tw in  have been ta b u la te d  in  Table 5 .3 ,  to  g iv e  a
measure o f  th e  in tim acy  o f  co n ta ct between th e two s tru c tu r es*  The 
r ig h t  hand h a lf  o f  Table 5*3 l i s t s  th e se  p o in ts  o f  co n ta ct in  a symmetri­
c a l  4 x 4  m atrix* The l e f t  hand h a l f  l i s t s  th e  p o in ts  o f  co n ta c t b e-
The rows and columns o f  th e se  m a tr ices  rep resen t sp h ero id s on th e  parent  
and tv/in s id e s  o f  th e  in te r fa c e *  Thus, fir exam ple, row th ree  shows th a t  
in  the untwinned m a ter ia l sp h ero id  2 makes two c o n ta c ts  a cro ss  th e  in t e r ­
fa c e  w ith  sp h ero id s 0* and 1 !* However, when th er e  i s  a tw in  in te r fa c e  
between 0 and O ', sp h ero id  2 make o n ly  one co n ta ct a cro ss  t h i s  in t e r ­
fa c e  w ith  sph eroid  l l * The f i f t h  row o f  Table 5<*3 g iv e s  th e  number o f  
c o n ta c ts  made by in d iv id u a l sp h ero id s O’ , 1 ?, 2 ! , 3 1 w ith  sp h ero id s in  
th e  parent m ateria l*  I t  can be seen  th a t the t o t a l  number o f  c o n ta c ts  
reduces from 13 in  untwinned m a ter ia l to  10 near c o n ta c ts  a cro ss  the  
tw in  in te r fa c e *  I t  i s  a ls o  o f  in t e r e s t  th a t ,  whereas in  p e r fe c t  m a ter ia l  
each sp h ero id  makes 12 c o n ta c ts  w ith  n ea re st  n eigh b ou rs, th e  spheroids- 
a t  th e  tw in  in te r fa c e  o f  typ e 0 ,  1 , 2 and 3 make 11, 11, 11 and 12 con- '
between the e ig h t  la y e r s  o f  sph eroid s 0 , — -3? 0 1 - — 3», th ere  are o n ly  
f iv e  k inds o f  con tact*  Those o f  the same kind are r e la te d  in  p a ir s  by
fo r  Type I I  -twins* These f iv e  k inds o f  co n ta ct are la b e l le d  00 , O l, 10, 
02 and 03 in  Fig* 5*>10 ( i i i ) *
does not a llo w  one to  determ ine whether th e  r e la t iv e  p o s it io n s  o f  
sp h ero id  la y e r s  0 and 0* i s  e x a c t ly  th a t g iven  by th e  passage o f  a 
s in g le  tw inning d is lo c a t io n  011 p lan e  O '. However, i t  i s  l ik e ly  th a t  in  
a d d itio n  to  th e  shear o f  the tw inning tra n sfo rm a tio n , th ere  i s  a ls o  a
tween the ( 1 3 5 ) la y e r s  o f  th e  untwinned s tr u c tu r e  in  a s im ila r  m atrix*
t a c t s  r e s p e c t iv e ly *
The lo c a t io n s  o f  th e se  near iDoints o f  c o n ta c t i s  shown in  
Fig* 5*10 ( i i i ) »  C lose in sp e c t io n  shows th a t;  o f  th e  ten  c o n ta c ts
a 180° r o ta t io n  about a d ir e c t io n  p a r a l le l  to  F l  2 ly> p lu s  a t r a n s la -
T his i s  a r e s u lt  o f  th e  o r ie n ta t io n  r e la t io n s h ip
The accuracy w ith  which th e se  sp h ero id s can be g lued  to g e th e r
t r a n s la t io n  between th e  parent and tw in  l a t t i c e s  in  order to  reduce the  
energy o f  th e  tw in  boundary* Such a t r a n s la t io n  has not been co n s id e r ­
ed  b efo re  in  r e la t io n  to  th e  tw inning tran sform ation  and w i l l  th e r e fo r e  
be d isc u sse d  in  th e  n ext su b se c t io n  where th e  o th er  tw in  modes o f  mer­
cury are considered*
5 -7  The A lt e r n a t iv e t w in  modes
5©7©1 In tro d u ctio n
The c r y s ta l lo g r a p h ic a l ly  'p o ssib le  tw in  modes were d isc u ssed  
in  S e c t io n  1*5© Of th e s e ,  th e  two modes w ith  l e a s t  shear and no 
s h u f f le s  ar-fethose numbered ( l )  and ( 2 ) and th e corresponding r e c ip r o c a l  
modes® These fou r modes w i l l  be r e fe r r e d  to  by t h e ir  com position  
p la n es ^0 1 ij j  , ^ 1 0  0^ , ^1 1 l }  and' if 1 3 5 J '•  The f i r s t  two o f  
th e se  are  compound modes and th e  l a t t e r  two are Type I and Type I I  
r e s p e c t iv e ly *
N eith er  th e  £ o  1 i j  nor th e  ^1 0 o }  modes have been observed  
to  op erate  in  mercury *ihough th e ^0 1  1 J mode occurs in  o th er  rhombohe­
d ra l m e ta ls . There i s  a s in g le  o b serv a tio n  o f  th e  occurrence o f  what 
appears to  be th e  ^1  1 . . l }  mode rep orted  in  S e c tio n  4 ,8 ,  However, the  
Type I I  ' £  1 3 5 j  1 mode i s  predom inant in  p r a c t ic e .  The p o s s ib le  rea ­
sons why t h i s  mode o p era tes  w i l l  be examined in  t h i s  s e c t io n .  The fou r
modes w i l l  be compared from fou r a sp e c ts :  ( i )  th e  energy to  cr ea te  
tw inned m a te r ia l, ( i i )  th e  co m p etitio n  o f  o th er  modes o f  deform ation  
such as s l i p ,  ( i i i )  th e  energy o f  tw inning d is lo c a t io n s  r e la t in g  to  th e  
e a se  o f  n u c le a tio n  and growth, ( iv )  th e  s tr u c tu r e  o f  th e  tw in  in te r fa c e
and i t s  bearin g  on th e  tw in  boundary en ergy . These a sp e c ts  w i l l  be
d isc u s se d  in  th e  fo llo w in g  fou r s u b s e c t io n s .
The energy p er  u n it  volum e, E o f  a tw in , may be ex p ressed  
by th e  r e la t io n s h ip
5*7*2 E nergy d e n s ity
where g i s  th e  c r y s ta llo g r a p h ic  sh ear  s tr a in  and Sc i s  a c r i t i c a l  
r e so lv e d  shear s t r e s s  fo r  tw inning# I t  i s  l i k e l y  th a t  th e o p e r a tiv e  
mode w i l l  have th e  l e a s t  v a lu e  fo r  E* Kiho and I s h i i  ( 1953 ) have
b a l l i s t i c  pendulum method* They found a l in e a r  r e la t io n s h ip  between E 
and Sc though in d iv id u a l v a lu e s  o f  E and Sc v a r ied  from specim en to  
specim en by as much as a fa c to r  o f  f i v e .  By p lo t t in g  E a g a in s t  Sc, th e  
s lo p e  was found to  be h a l f  th e  th e o r e t ic a l  sh ear s t r a in  g to  an accura­
cy o f  about 20%.
known. R e la t iv e  v a lu e s  o f  Sc may be estim a ted  from a n iso tr o p ic  e l a s t i ­
c i t y  th e o ry , though th e se  are l i k e l y  to  be very  in a ccu ra te  s in c e  th e  
r e s u l t s  o f  t h i s  th eory  are s t r i c t l y  a p p lic a b le  o n ly  to  sm all s tr a in s#  
Tucker ( 1966) has c a lc u la te d  th e  a n iso tr o p ic  m oduli fo r  the fou r  p o s s i ­
b le  tw in  modes co n sid ered  h e r e . These are reproduced in  Table 5*4  
where th e  s t i f f n e s s  and th e  r e c ip r o c a l o f  th e  compli ance ten so r  elem en ts  
are  rep resen ted  by and G^  r e s p e c t iv e ly #  I t  i s  n o t c le a r  which o f  
th e se  i s  r e le v a n t  to  the tw inning p ro cess;  th u s , two v a lu es  o f  E are  
c a lc u la te d  fo r  each mode based on th e  v a lu es  o f  G^  and G^  r e s p e c t iv e ly .
tw in s in  te tr a g o n a l (3~tin, u sin g  a
The sh ear s t r a in  fo r  each o f  th e  fo u r  mercury tw in modes i s
E,2 2
This type o f  c r i t e r io n  has been su g g ested  by H all (1954) as
a b a s is  fo r  determ in ing w hich tw in  mode i s  l i k e l y  to  op erate  in  a m eta l. 
The e n e r g ie s  and E are l i s t e d  in  columns th ree  and fou r  o f  Table  
5*4* Both th e  0 o j  and ' 3  ’ modes have low v a lu e s  o f  and
E^; th e  £ 1 1  lj* mode has la r g e  v a lu e s  however* Thus th e se  r e s u lt s
may account a t  l e a s t  p a r t ia l l y  fo r  th e  o p era tio n  o f  th e  1 £ 1  3 5 J  1 mode
p referen ce  to  th e j" 1 1  l j  mode0
The re lev a n ce  o f  th e se  e l a s t i c  moduli to  th e  p l a s t i c  p ro cess  ■. . 
o f  tw inning may be g r e a te r  than one might suppose«, T h is i s  because th e  
tw in  must be accommodated e l a s t i c a l l y  airing i t s  grow th. Thus, the  
sm a ller  th e  e l a s t i c  modulus, th e  more e a s i l y  can th e tw in  be accommo­
d ated .
5*7*3 Schmidt fa c to r s  •
I f  s l i p  i s  an e a s ie r  p ro cess  o f  deform ation  than tw in n in g ,
then  tw in s w i l l  o n ly  occur fo r  a p p lie d  s t r e s s e s  whose re so lv ed  compo­
nent on a tw in  p lan e are  g r e a te r  than on any s l i p  p la n e s . In p a r t ic u ­
la r ,  o r ie n t a t io n s ,  f o r  which th e  Schmidt fa c to r s  o f  a l l  s l i p  v a r ia n ts  
are sero  should  favour tw in n in g . For long d iagon al s l i p  in  m ercury  
th ere  are two typ es o f  o r ie n ta t io n  having sero  Schmidt f a c to r ,  th e se  are  
^ 0 1  1 ^  and [ x i Q .  Ta?Qle 5*5 g iv e s  Schmidt fa c to r s  fo r  tw inning  
fo r  th e  fo u r  tv/in modes fo r  th e se  two o r ie n t a t io n s .  The la r g e s t  
p o s i t iv e  and n e g a tiv e  Schmidt fa c to r s  o f  a l l  th e  v a r ia n ts  are  quoted  
fo r  each mode. P o s i t iv e  and n e g a tiv e  Schmidt fa c to r s  in d ic a te  s t r e s s e s  
ten d in g  to  produce tw in s in  te n s io n  and com pression r e s p e c t iv e ly .  S in ce  
th e  I 1 1 t wi nni ng mode has sh ear d ir e c t io n s  very  c lo s e  to  th o se  o f  
th e  s l i p  mode, the Schmidt fa c to r s  are a lm ost th e  same as fo r  s l i p ;  thus<> 
s l i p  should  be favoured  in  a l l  o r ie n t a t io n s .  In th e <^0 1 I /* o r ie n t a ­
t io n ,  th e  two v a r ia n ts  ( l  1 0 ) and ( 1 0 1 ) o f  th e  ^0 1  l j  mode have th e  
la r g e s t  Schmidt f a c t o r s .  In the |T1  1  lT  o r ie n ta t io n  a l l  v a r ia n ts  o f  th e  
[ °  1  and £ 1 0  o j  modes have h ig h  Schmidt factors®  None o f  th e  fou r
modes have la r g e  Schmidt f a c to r s  £oryeom pression in  e i t h e r  o r ie n ta t io n .
3S.
The r e s u l t s  o f  R ider and H eckscher (1966) and ?th e  r e s u lt^  o f  . 
bending t e s t s  rep o rted  in  Chapters I I I  and IV, show th a t  
tw in s are favoured  in  o r ie n ta t io n s  near 1  i j .  Thus, from Table 5*5 
th e  r e so lv e d  shear s t r e s s  fo r  * ^1  3 5 j  f tv /ins i s  l e s s  than than fo r  
e i t h e r  f t  O 0}  or f t 1 4  tw ins* The bending t e s t s  a ls o  showed th a t  
f o r  o r ie n ta t io n s  c lo s e  to  C 1 1 1 ]  , sh o r t d iagon al s l i p  i s  favoured*
The Schmidt fa c to r  fo r  sh o rt d iagon a l s l i p  a t  £.1 1  Xj[ i s  0*36* Thus 
from Table 5*5? th e  c r i t i c a l  r e so lv e d  shear s t r e s s  ( c . r . s . s . )  fo r £ l  0 o f  
and ^ 0 1  1  ^ tw in s must be g r e a te r  than th a t fo r  sh o r t d iagon al s l i p  by 
fa c to r s  o f  a t  l e a s t  1 . 3  and 1*15 r e s p e c t iv e ly .  The c . r . s . s .  fo r  sh o r t  
d iagon al s l i p  i s  2 to  3 tim es th a t  fo r  long d ia g o n a l s l i p .  Thus th e
c . r . s . s *  fo r  ^1  0 oj- and£> 1 1 ^ tw in s i s  a t  l e a s t  2 to  3 tim es th a t fo r  
long d iagon al s l i p .  In a d d it io n , tie  impact t e s t s  o f  Chapter I I  and 
a ls o  th e in d en tin g  experim ents on f l a t  c r y s ta ls  have produced ? £  1  3 5j ,» 
tw in s but no ^1  0 o j  or ^0 1  1 ^ tw in s fo r  a wide range o f  c r y s ta l  
o r ie n ta t io n s  *
The s in g le ^  1 1 l j  tw in  rep orted  in  S e c tio n  4*5 was xiroduced 
in s id e  a * f t  5 5]  1 tw in  by an in te n se  band o f  long d iagon al slip'*
I t  i s  l i k e l y  th a t  lon g  d iagon al s l i p  w ith in  th e  tw in  was in h ib ite d  and 
th a t  th e  ( i  1 4  tw in , whose sh ear elem en ts are a lm ost th e  same, formed 
in stead *
For o r ie n ta t io n s  in  which Schmidt fa c to r s  fo r  long d iagon al 
s l i p  are low and th o se  fo r ^ l 0 o j  and^O  1  tw in s are h ig h , th e se  
tw in s do n ot occur; in s te a d  1 j l  3 5^  ’ tw in s or sh o r t d iagon al s l i p  
operate* Shock lo a d in g  does not produce j 1 0 o }  or fo 1 if tw in s#
The £
i s  in h ib ite d *
1 1 1 ^ tw in  mode occu rs r a r e ly ,  probably when long d iagon al s l i p
5©7«4 Tw inning d i s lo c a t io n s
Table 5©6 g iv e s  the tw inning Burgers v e c to r s  bT fo r  th e  4 
modes* The m agnitudes o f  th e se  v e c to r s  were c a lc u la te d  u sin g  th e  
approxim ation c = - I / 7 * The l ik e l ih o o d  o f  a mode o p era tin g  depends 
upon the magnitude o f  s in c e  t h i s  determ ines th e  energy req u ired  to  
c r e a te  th e  d islo ca tio n ®  The in te r p la n a r  sp a c in g , d o f  th e  com position  
p lan e and b 2 are g iven  in  columns 3 and 4 re sp ectiv e ly ®  Modes £0 1 l }  
and* ) l  3 5 r  ' a:re favoured  because th ey  have sm all Burgers v ec to rs*
The Burgers v e c to r  fo r  th e  { 1 1 1^ mode i s  id e n t ic a l  in  magni­
tude and d ir e c t io n  w ith  th e  p a r t ia l  s l i p  d is lo c a t io n  p o s tu la te d  fo r  th e  
d is s o c ia t io n  o f  'a [_0 1 l}) d is lo c a t io n s  by H eckscher and Crocker ( 1965)-  
This d is s o c ia t io n  i s  g iven  by r e a c t io n  (5*1) in  S e c tio n  5*2 , The 
p o s s ib le  Burgers v e c to r s  in  th e  ( i l l )  p lane are
» 1  l  0  1 ' i ’ r - i ~ 7 c ,  - 2 - 6 c ,  i - c l  (5 . 3 )
4  4  ~
and ’ C o i l } .  = !1' f - l - 7 c ,  l - c ,  - 2- 6c J  (5*4)
4 4 ~
These two v e c to r s  are p a r a l l e l  to  th e j] d ir e c t io n s  o f  th e  ' ( I  3 5 ) ’ 
and f ( 1 5 3  )* v a r ia n ts  r e s p e c t iv e ly  o f  th e  o p e r a tiv e  tw in  mode. I t  
i s  in te r e s t in g  to  n o te  th a t  a (1  1  l )  tw in  has two p o s s ib le  shear  
d ir e c t io n s  very  c lo s e  to  Co 1  i l  and Lo 1  1  X. « f 1 1 tw in  i s
id e n t ic a l  w ith  the i n t r i n s i c  s ta c k in g  f a u lt  ob ta in ed  by removing two 
a d ja cen t la y e r s  o f  th e  1 ij* p lanes*  This i s  i l lu s t r a t e d  in  F ig , 1*5©
The Burgers v e c to r s  (5©3) end (5 ©4) become
1  [ l  2 l ]  and 1  f l  1 §_ ]
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in
f .c .c ®  These are th e  Shockley  p a r t ia l  tw inning d is lo c a t io n s  in  f*c*c<
The s in g le  o b se rv a tio n  o f  a 1 tw in  i s  ev id en ce fo r  th e  
d is s o c ia t io n  ( 5 *1 ) o ccu rr in g , and i s  thus a d d it io n a l ev id en ce  th a t  th e  
s ta ck in g  f a u l t  approach to  s l i p  of? Hpckscher and Crocker (19^5) i s  
a p p lic a b le  to  d is lo c a t io n  d is s o c ia t io n s  in  mercury r a th er  than the  
approach u sin g  an e x te n s io n  o f  th e  Thompson tetrah ed ron  model a ls o  
d isc u sse d  in  th e same paper*
5*7*5 Twin boundaries
The tw in  boundary energy may be an im portant fa c to r  i n f lu ­
en cin g  th e  form ation  o f  tw ins* The sph eroid  models o f  th e se  boundaries  
may h e lp  in  d ec id in g  which boundaries have l e a s t  energy*
The com p osition  p la n es  ^ 1 0  o j  ? ^0 1 1 ^ and l l  1 XI  have
been co n stru c ted , photographs o f  th e se  are shown in  F igs*  5« l i >  5*12  
and 5 .13*  The shear d ir e c t io n  and th e  normal to  p lan e  o f  shear are  
in d ic a te d  in  each case* ' -
Spheroids on th e p lan e  im m ediately above th e  com position  p lan e  
shou ld  be sheared  through a d is ta n c e  o f  one Burgers v e c to r , a t  th e  same
tim e as r o ta t in g  to  th e  o r ie n ta t io n  o f  th e  tw in  la t t i c e *  T his w i l l  n ot .
n e c e s s a r i ly  b r in g  th e  sp h ero id  to  th e  p o s it io n  o f  most in tim a te  c o n ta c t  
w ith  th e  p arent l a t t i c e *
Table 5*7 g iv e s  th e  d isp lacem en ts o f  sp h ero id s  in  th e  p lan e  
im m ediately above th e  tw in  l a t t i c e  r e la t iv e  to  t h e ir  o r ig in a l  p o s it io n s*  
The f i r s t  column g iv e s  th e  t h e o r e t ic a l  d isp lacem ent due to  th e passage  
o f  a s in g le  tw inning d is lo c a t io n *  Columns two and th ree  g iv e  th e  
measured d isp lacem en t o f  sp h ero id s  th a t  have been r o ta te d  to  th e  tw in  
o r ie n ta t io n ,  b u t are r e s t in g  in  th e  position o f  most in tim a te  co n ta ct  
w ith  th e  sp h ero id s  o f  th e  p aren t la t t i c e *  D isp lacem ents were measured 
u sin g  a t r a v e l l in g  m icroscope* The d isp lacem en ts p a r a l le l  and perpen­
d ic u la r  to  th e  shear d ir e c t io n  are g iven  in  columns two and th r ee  
r e s p e c t iv e ly *  Due to  th e  symmetry o f  th e  tra n sfo rm a tio n  fo r  th e  { l  0 0j£ 
and £ o  1 l |  inodes, th e  d isp lacem en t p erp en d icu la r  to  T)^  i s : z e r o . For 
th e  th r e e  modes { 'l 0  0 j  f o  1 1 }  and 1 | l  3 5 J ' } th e  d isp lacem en ts  
p a r a l le l  to  are a l l  l e s s  than a s in g le  Burgers v e c to r .
The consequence o f  th e  d isp lacem ent not b ein g  equal to  b i s1
th a t  th e m acroscopic o r ie n ta t io n  r e la t io n s h ip  h o ld s , but th e  p o s i t io n s  
o f  in d iv id u a l atoms are  n ot g iv en  e x a c t ly  by th e  o p era tio n  o f  a tw in ­
n ing sh ear a lo n e . Thus, e i t h e r  th e  com position  p lan e  l i e s  between t^o  
p la n es  o f  atom s, or  e l s e  th e  tw inning  tran sform ation  c o n s is t s  o f  a 
sh ear  p lu s  a t r a n s la t io n .  T h is i s  i l lu s t r a t e d  in  F ig . 5 .1 4  fo r  a Type 
I o r ie n ta t io n  r e la t io n s h ip .  I f  we are to  r e ta in  th e  concept o f  a 
tw inning d is lo c a t io n ,  th en  th e  com p osition  p lan e must l i e  in  an atom ic  
p la n e .
F ig . 5 ° 1 5 ( i ) ?  ( i i )  and ( i i i )  shews how a tw in  n u cleu s m ight 
a r i s e ,  having a low s t r a in  en ergy , i f  th e  t r a n s la t io n  were equal and 
o p p o s ite  to  th e  tw inning  Burgers v e c to r . In F ig . 5 * 1 5 ( i i )  th e  n u cleu s  
would be surrounded by a l i n e  d e fe c t  loop  whose e l a s t i c  d is t o r t io n  
e f f e c t  i s  l e s s  than th a t  a s in g le  tw inning d is lo c a t io n  lo o p .
In th e  mercury c r y s t a l , th e  p o s i t io n s  o f  atoms g iv in g  
minimum boundary energy may n ot be th o se  corresponding to  th e  p o s it io n s  
o f  most in tim a te  c o n ta c t  between sp h er o id s . These p o s i t io n s  however 
w i l l  not n e c e s s a r i ly  be th o se  g iven  by th e  p assage o f  a s in g le  tw inning  
Burgers v e c to r  e i t h e r .  Thus th e r e  may be a t r a n s la t io n  as w e ll  a s  a 
shear r e la t io n s h ip  between tw in  and parent l a t t i c e s  in  mercury or any 
o th er  m a te r ia l. A lso  i f i h e  t r a n s la t io n  i s  in  th e  o p p o s ite  sen se  to  
th e  sh ea r , tw in  n u c le i  may a r i s e  which a llo w  sm a ller  amounts o f  s t r a in  
in  the s tr u c tu r e  than would be g iven  by a m onolayer tw in  surrounded by 
a u n it  tw inning d is lo c a t io n .
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The d is c u s s io n  o f  th e  1 1 3 5 \  ’ tw in  boundary in  sp h e r o id
m odels in  S e c tio n  5*6 showed th a t  p a r t ic u la r ly  in tim a te  co n ta ct between  
th e  two tw in  and p aren t s tr u c tu r e s  i s  p o s s ib le .  Measurements o f  th e  
d isp lacem en t in  Table 5*7 show th a t  th e  t r a n s la t io n ,  6 , between T and P
E stim a tes  o f  th e  r e la t iv e  v a lu e s  o f  tw in  boundary energy are  not p o s s i -
m agnitude o f  t h i s  energy may be reduced by in tro d u c in g  a t r a n s la t io n  
between T and P la t t i c e s *
In th e  l a s t  fo u r  s u b se c t io n s  th e  four p o s s ib le  tw in modes w ith
le a s t  shear have been compared by th e  use o f  fo u r  c r i t e r ia :
( i )  Energy d e n s ity
( i i )  Schmidt fa c to r s
( i i i )  Twinning d is lo c a t io n  s t r a in  energy
( i v )  Twin boundary energy*
I t  has n ot been p o s s ib le  to  make c le a r  d ed u ctio n s from the
The fou r tw in  modes a re  favoured by th e  fo llo w in g  c r i t e r ia :
l a t t i c e s  i s  about - .6  b ^ fo r  t h i s  p o s i t io n  o f  con tact*  T ra n s la tio n s  
o f  s im ila r  f r a c t io n s  o f  b_ are  found
b le  u sin g  gpheroid model However, i t  has been shown th a t  th e a b so lu te
5*7«»6 Summary
sp h ero id  m odels about c r i t e r io n  ( i v ) *
( i ) ,  ( i i )
( i i ) , ( i i i )
( i ) ,  ( i i ) ,  ( i i i )
Thus i t  i s  seen  th a t th e  o p e r a tiv e  mode i s  favoured by th ree  o f  th e  
c r iter ia ®
In a d d it io n  t h e £.1 I lj* mode i s  l i k e l y  to  o p er a te , a lth ou gh  
none o f  th e  c r i t e r ia  favou r i t ;  s in c e  i t s  tw inning d is lo c a t io n  may be 
produced by d is s o c ia t io n  o f  a p e r fe c t  s l i p  d is lo c a t io n *
The d ed u ction s and co n c lu s io n s  from t h i s  ch ap ter  concerL.Yvg
tw inning in  mercury are review ed  in  Chapter VI* P o s s i b i l i t i e s  fo r
7
fu r th e r  work are a ls o  d isc u sse d  in  th is -  chapter*
A  (O il)  a n d A ( l l l )  are  th e  a n g le s  between in co h eren t boundaries co n ta in in g  
211 and th e  p la n es  ( 0 1 l) p and (111)^, r e s p e c t iv e ly *  (a n g le s  in  d egrees)*
Table 5 .1  Transform ation o f  d ir e c t io n s  and p la n es  in  
“ the* 1( l 3  5 )  ' Twin.
D ir e c t io n s P lanes
u~P Um-T
TL o
Cos tL .LL
-"ir —1' ~P -T Jos'Hip .h y
O il 0
I 0110 b i 111 1 111 35
101 101 20 ° 111 001
Q
10-J
110 110 20 ° I l l 111L - .................  . ... 0 0
O il O il 3 5 °
..... .... ... 
100 I l l 1 4 °
l o i 020 016 010 101
o
20
110 O il J k ° 001 i l l lO j"
020 101 T  0 16 111 100
o
14
— “  I 101 o i l 20 °
Table 5*2 D is lo c a t io n  r e a c t io n s  w ith  th e  f ( i  5 5) tw in  boundary
( i ) (2 ) (3 ) W (5 ) (6 ) (7 )
in  parent £  o i l i  110 £  O il £  101 £  l i o £  101 010
in  tv/in 4  o f f £  if ID £ 110 £  l o i £  i l l 010 £  101
umber o f  by +1 *«1 -2 +2 -3 +3
E s te p 16Et e t EmT 9Et
E . 16ET et + E1 4 ^ 9Ey+E^ DE -E T 2
os 2p - 2 t 35° b i° k i° 20° 20° 16° 16°
l i p  p lane in  P 111 111 , 001 H I ,  111 111 ,111 11 1 ,1 1 1 111 001
l i p  p lane in  T 111 111, 111 111 ,001 111 ,111 111 ,001 001 111
ature o f  by 
------  ---- .—....____
E
- ..........
S M S M E S E M M M
E s te p :  E la s t ic  energy o f  s te p  l e f t  in  tw in  boundary
t o t a l  change in  e l a s t i c  energy*
Table 5*3* C ontacts
. 163 .
between sp h ero id s  a cro ss  th e £ l  3 5 1
boundary
Spheroid
Number
Number o f  c o n ta c ts  
la y e r  number:
w ith Number o f  near co n ta c ts  
tw in  la y e r  numbers:
in
• O' 1 » 2 * 3 ’ O' 1 « 2 1 3 1
0 2 2 1 1 2 2 0 1
1 2 I 1 0 2 0 1 0
2 1 I 0 0 0 1 0 0
3 1 0 0 0 1 0 0 0
C ontacts
per
sph ero id
6 4 2 1
— — 4
5 
__—
3 1 1
Table 5*4* Shear m oduli and energy d e n s it ie s
- (XlO *^Q)dyne cm 2 (X10“10) erg  cm ^
’ ... .. ' •' p
MODE g Gi G2 E1 E2
1 0  0 0 .4 5 7 8 .4 3 .3 0 .8 4 0 .3 3
O i l 0 .4 5 7 1 0 ,2 6 .6 1 .0 2 0 .6 6
1 1 1 0 .633 6*6 4 .7 1 .3 2 0 .9 4
, I  3 5 , 0 .633 4*4 2 .9 0 .8 8 0 .5 8
Table; 5 « 5 ° Schm idt f a c t o r s
1 1 1 0 1  1
MODE TENSION COMPRESSION TENSION COMPRESSION
1 0  0 0.50 X 0o25 0
O i l 0*42, X 0*32 -0*17
1 1 1 0 0 0 0
T 1 3 5 ’ 0 .0 5 X 0*25 - 0® 1011
X: a l l  twrin v a r ia n ts  have Schmidt fa c to r s  g r e a te r  than zero*
Table 5*6.  Twinning Burgers v e c to rs
MODE bm d K 2 2*2bT -  9 a
1 0  0 i < 0  1 I > 0 .6 3 0 . 0 8 0
O i l
6
1 ( l  0  o )  
7
0*53 0 * 0 5 8
-
i l l 4  ' 4 > 1 v 1 1 . 0 0 0 . 4 0 0
-  -  
1 1 3 5 1
-----------
“22 C  2 f t 0 . 3 0 0 .0 3 6
Table 5*7° Comparison between measured and p r e d ic ted  p o s it io n s
o f  sp h ero id s  in  the tw in
1
MODE
r— ....... ..... .......
T \ +  .01 \ ± * 01 6
1 0  0 
O i l  
1 1 1  
1 1 3 5 *
0. i 67<J) 1  1> 
Oal4 3 < l 0 
0. 250’<p I  p
0 .0 4 5  <1 2 p
j 0. 1 0 <t) 1  1 >  
0.07<JL o*o>  
’0. 2 5 •<& 1 
0.02 < i  2 1>
0 1 
0
0.032 <^2 1  p  
0. 005<2 1  3}
"°»4  Jfcp
“0 .5
°
- 0,6 bT j
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Fi g*  5*2* The accom m odation o f  ( O i l ) / (113)  in c o h e r e n t tw in  b o u n d aries
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F ig .  5 . 3 .
The accommodation o f  a 1( 1 3 5 } 1 tw in by p a ir s  o f  s l i p  
d is lo c a t io n s .
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F i g .  5 . 4 .  S t e r e o g r a p h i c  r e p r e s e n t a t i o n  o f  t h e  *<135)  ’ t w i n n i n g  
t r a n s f o r m a t i o n .
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F i g .  5 . 5 .  The p a ssa g e  o f  a s l i p  d i s lo c a t io n  throu gh a tw in  boundary
Cv)
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'Tw in
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F i g .  5 . 6 .  A p o le  m echanism  fo r  th e n u c le a t io n  o f  a *{135}*
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Fig» 5 . 7 .  ( i )  The (135) p l a n e .
F i g .  5 . 7 .  ( i i )  The (135) p la n e .
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I t  has been shown th a t  th e  o p er a tiv e  tw inning mode in  mercury
1 3 5 j “ 1 mode# T his i s  th e  f ir s , ;  
Type I I  mode observed  in  a s in g le  l a t t i c e  s tr u c tu r e , and i s  p re ferred  
to  two Compound modes w ith  a sm a ller  shear* S ev era l reason s fo r  th e  
o p era tio n  o f  t h i s  mode have been su g g ested  in  Chapter V©
O b servation s rep o rted  in  Chapter IV, o f  tw in  in te r s e c t io n s  
and p lan ar in coh eren t in te r fa c e s  showed th a t  s l i p  on one p a r t ic u la r  
system  could  accommodate th e  s t r e s s e s  due to  th e se  pheomena* The shear  
magnitude o f  th e  o p e r a tiv e  tw in  mode i s  0.63© T his i s  probably too  
la r g e  to  be accommodated co m p lete ly  by e l a s t i c  d isp lacem en ts c lo s e  to  
an in co h eren t growing tw in  in terface©  I t  i s  l i k e l y  th e r e fo r e  th a t  th e  
la r g e  s t r e s s e s  s e t  up around th e  t ip  o f  a growing tw in  may be p a r t ia l ly  
accommodated by d is lo c a t io n s  on th e  s l i p  system  whose p lan e and d ir e c ­
t io n  are th e  same as th e  Kn and rj e lem en ts o f  th e  tw in  mode* JSes- I t  
i s  known th a t  s l i p  d is lo c a t io n s  accommodate th e  t ip s  o f  tw in s in  b*c#c* 
m etals*  In a d d it io n , th e  e l a s t i c  shear modulus c a lc u la te d  by Tucker 
( 1966) ,  f o r $ ie  sh ear  system  1 | l  3 5 J 1 Y^l 2 l ^ i s  l e s s  than th e  shear  
moduli c a lc u la te d  fo r  th e  sh ear  system s corresponding to  th e two Com­
pound tw in  modes* Thus 1 | l  3 5 j  1 tw in s can be accommodated w ith ou t  
d i f f i c u l t y  both e l a s t i c a l l y  and p l a s t i c a l l y  in  th e  parent m a ter ia l  
during growth*
Other fe a tu r e s  o f  t h is  tw inning mode favd u f i t s  operation*  
ijfle most s t r ik in g  o f  th e se  i s  th a t  th e  com position  p lan e  i s  ir r a t io n a l  
and l i e s  w ith in  l e s s  than  a degree o f  a r a t io n a l p la n e . T his means 
th a t  th e  tw in  boundary may be co n sid ered  as a r a t io n a l  p lan e w ith  an
CHAPTER V I
CONCLUSION
6 . 1  S u m m a ry
a t  l iq u id  a ir  tem perature i s  th e  1 £
. 1 8 2 *
array o f  screw  > boundary d is lo c a t io n s *  These d is lo c a t io n s  have Burgers 
v e c to r s  in  th e d ir e c t io n  o f  tw in  shear; thus th ey  may be regarded a s an 
i n t r i n s i c  s e t  o f  screw  tw inning d is lo c a t io n s  which can cause growth or  
co n tr a c tio n  o f  th e  tw in  boundary.
The sp h ero id  model o f  the 1 J 1 3 5 ’ tw in  boundary shows th a t  
i t  may be very  c lo s e ly  k n it*  Thus, i f  the model i s  r e le v a n t  to  mercury, 
th e  boundary i s  l i k e l y  to  have low energy*
Experiment has shown th a t  th e  occurrence o f  tw ins i s  dependent 
on the o r ie n ta t io n  o f  th e  s t r e s s  f ie ld *  For s lo w ly  a p p lied  s t r e s s e s ,  
tw inning occurs on ly  in  te n s io n  when th e  d ir e c t io n  o f  s t r e s s  i s  near  
th e  c lo s e  packed <^ 0 1 1 ^  d ir e c t io n ,  which i s  an o r ie n ta t io n  o f  sero  
r e so lv e d  shear s t r e s s  fo r  ^1 1 1 l^ ? s lip *  In t h i s  o r ie n ta t io n
th e  r e so lv e d  sh ear s t r e s s e s  are la rg e  fo r  both ' | l  3 5 ]  1 tw in s and 
th e  two confound modes* Thus low re so lv ed  shear s t r e s s e s  are not r e s ­
p o n s ib le  fo r  th e  f a i lu r e  o f  th e  two compound modes to  operate* In 
a d d it io n , th e  ’ 1 3 5 J  ’ tw in s are formed in  most c r y s ta l  o r ie n ta t io n s
when the a p p lied  s t r e s s  i s  im pulsive*
A th ir d  type o f  p l a s t i c  deform ation found in  merciiry a t  l iq u id  
a ir  tem£>erature i s  wavy s l ip *  This i s  alm ost c e r ta in ly  due to  s l i p  
d is lo c a t io n s  w ith  Burgers v e c to r  1 I /'w h ic h  can c r o s s - s l ip  on two
^ l l l }  type p lanes*  The c r i t i c a l  r e so lv e d  shear s t r e s s  fo r  t h i s  sli£3  
i s  2 to  3 tim es th a t  fo r  ^ 1 1  1 1 1 ^  s lip *  Wavy s l i p  occu rs fo r
t e n s i l e  and com pressive s t r e s s e s  c lo s e  to  th e  1 1 1  d irection®  The 
r e so lv e d  shear s t r e s s  fo r  ^1 1 1^<^0 1 1?  s l i p ,  ’  ^ 1 3 5 J- * tw in s , th e  
two compound inodes and wavy s l i p  are zero , low , h igh  and h igh  r e s p e c t ­
iv e ly *  T his aga in  shows th a t  th e  compound modes req u ire  very  h igh  
r e so lv e d  shear s t r e s s e s  fo r  t h e ir  operation*
6 * 2  P r o p o s a l s  f o r  f u r t h e r  w o r k
We b e l ie v e  th a t  t h i s  stu d y  o f  deform ation tw in s in  mercury 
w i l l  h e lp  to  e lu c id a te  th e  fa c to r s  governing th e  o p era tio n  o f  tw in  
modes in  a l l  m a te r ia ls .  However, more in form ation  i s  needed on tw in ­
n ing in  m a te r ia ls  w ith  low symmetry in  order to  show more c le a r ly  which  
fa c to r s  s e l e c t  th e  modes which op erate  and th o se  which do not* A good 
m a te r ia l fo r  fu r th e r  work i s  indium which has a fa c e  cen tred  te tr a g o n a l  
s tr u c tu r e  very s im ila r  to  f . c . c ;  th e  a x ia l  r a t io  i s  1.078® The p o s s i ­
b le  lo w est shear tw in  modes o f  t h is  m a ter ia l are a compound and a Type 
I mode w ith  sh ears o f  0 .1 5  and 0 .6 4  r e s p e c t iv e ly .  These show a s tr ik in g  
p a r a l le l  w ith  th e  two lo w est sh ear  modes o f  mercury® The Ity, Kty, Tty,
Tty elem en ts o f  th e se  two te tr a g o n a l modes are ( 1 0 1 )  (1 0 1) [ l  0 l ]  
pL 0 1J and ( i l l )  ’ (765) ’ ' £ 2 3 l ] ' £  1 2 l ] ; th e  second o f  th e se  
becomes th e  ( l  1 l )  mode in  f . c . c .  The f i r s t  o f  th e se  modes o p era tes  
and was th e  s u b je c t  o f  a paper by Remaut e t  a l  (1 9 6 4 ). However i t  i s  
p o s s ib le  th a t  the Type I or  IX modes might a ls o  o p era te  a t  low tempera­
t u r e s .  T his p o s s i b i l i t y  becomes more l ik e ly  s in c e  th e  o p e ra tiv e  mode 
has on ly  fou r v a r ia n ts  which have sh ear d ir e c t io n s  in th e  probable s l i p  
d irectio n s®  Thus i f  deform ation  was ca rr ied  out a t  l iq u id  a ir  tempera­
tu re  and th e  o r ie n ta t io n  was chosen so  th a t  th e  s l i p  modes and compound 
modes had low r e so lv e d  s t r e s s e s ,  i t  i s  p o s s ib le  th a t  th e Type I  or I I  
modes would o p e ra te .
The exp erim en ta l work on mercury cou ld  be con tin u ed  to  
in v e s t ig a te  accommodation e f f e c t s  around in co h eren t tw in  boundaries®  
Experim ents s im ila r  to  th o se  o f  P a r tr id g e  ( 1965) on z in c  and magnesium 
in  which in d e n ta tio n s  c lo s e  to  tw in  boundaries were made in  order to  
in v e s t ig a te  th e accommodation e f f e c t s  caused by lo c a l  growth o f  tw in  
boundaries cou ld  be ca r r ie d  o u t . In order to  do t h is  however, more 
s o p h is t ic a te d  tech n iq u es o f  p reparing specim ens fo r  o b serv a tio n  a t  
l iq u id  a ir  tem perature are  req u ired .
F i n a l l y ,  t h e  p a r a l l e l  b e t w e e n t w i n s  a n d  t h e
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H  1 2 1 j  h .c .p *  t\* ins i s  v ery  s t r ik in g ,  s in c e  in  both ca se s  th e  Kg and 
q e lem en ts are  a l s o  th e  o p e r a t iv e  s l i p  p lan e and d ir e c t io n *  We b e l ie v eC4
th a t  accommodation e f f e c t s  are a major fa c to r  determ in ing th e o p era tio n  
o f  la r g e  shear tw in  modes. A survey o f  c r y s ta l lo g r a p h ic a l ly  p o s s ib le  
tw in  modes in , order to  e lu c id a te*  th e  e f f e c t  o f  p l a s t i c  accommodation 
mechanisms, on th e  o p era tio n  .o f  a tw in  mode would be most va lu ab le*
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APPENDIX I
A l g e b r a i c  d e t e r m i n a t i o n  o f  s h e a r  e l e m e n t
An a lg e b r a ic  procedure fo r  determ ining th e  shear elem en ts
Ity Tty and g has been d eveloped  u sin g  measurements from two fa c e s  o f  a 
s in g le  c r y s t a l .  The p a r t ic u la r  case  when th e  fa c e s  are jjerp en d icu lar  
i s  d e a lt  w ith  h e r e . The g en era l treatm ent, fo r  any an g le  and any c r y s ­
t a l  s tr u c tu r e  may be found in  our paper Guyoncourt and Crocker (1967)© 
The geometry o f  th e  s i t u a t io n  i s  shown sc h e m a tic a lly  in  F ig , A l, The 
tr a c e  a n g le s  oty and Cty, th e  su r fa c e  t i l t s ' ' t ty  and 'tty, and th e  o r ie n ta ­
t io n  o f  th e  specim en are known ( 9 » )•
th e  fo llo w in g  a n a ly s is  and i t  i s  con ven ien t to  rep resen t th e se  by t  
and s  r e s p e c t iv e ly .  Then r e fe r r in g  to  F ig , A l, th e  tr a c e s  dn th e  
fa c e s  I  and I I  are  g iv en  by
E xp ression s fo r  Ity Tty and g are d erived  f i r s t  r e la t iv e  to  
th e  orthonorm al specim en b a s is  sty ( i  = 1 ,2 ,3 ) .  Then u sin g  transform a­
t io n  m atrices th e se  are con verted  to  M ille r  in d ic e s .
Only two tr ig o n o m etr ic  fu n c tio n s , co t and c o se c , occur in
and
sHence m th e  normal to  Ity, r e la t iv e  to  th e  specim en axes jty, i s  g iv en
by th e v e c to r  product o f  t  and t  and may be w r it te n
“ 1
m (A l)
The normals to  th e  t i l t e d  fa c e s  are now found to  be
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The v e c to r  product o f  th e s e  g iv e s  JLI3 0 T^ e v e c to r  _s^  i s  in  f a c t  sheared  
to  become h s>T^  where h~'L = mS . s ’  ^ so th a t  th e  magnitude and d ir e c ­
t io n  o f  th e  d isp lacem en t a t  u n it  d is ta n c e  from i s  m (hs’  ^ -  s^ ) where 
m -  tnS*mS. Thus r e la t iv e  to  th e specim en b a s is  s^ , th e  shear d ir e c t io n  
Tfy i s  g iven  by
I s  = i f
—  1 t c c ^  -  s a 2  t ' T g
t a 2 -  t - r
■1 t a 2  -  l a  t a x
The sh ear m agnitude, g , i s  g iv en  by
g = mi £ ( t o ±  _ Stti t - e p  i p
- 1
where 2 s  s  1  =  1  . 1
The tw inning e lem en ts K and Tfy r e la t iv e  to  th e  f . c . r .  b a s is  are now 
g iv en  by
C h i B A R  1
3
r  1  s  - 1  - 1  t t “ i(h*.. j  = m R A B
where th e  tran sform ation  m a tr ices  B, A and R are d e fin ed  in  Chapter I I ,  
S e c tio n  2*3«
APPENDIX I I
S tereo g ra p h ic  d eterm in ation  o f  shear elem en ts
The elem en ts Kg ify and g may be determ ined s tereo g ra p h ica lU j  
ly  u sin g  measurements on two fa c e s  o f  a c r y s t a l .  The a n g le s  0 , a2
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'T' and'T' as d efin ed  in  F ig . A l , are measured. Choosing fa ce  I as the  
p lan e o f  p r o je c t io n , th e  fo llo w in g  o p era tio n s  are perform ed. These 
are i l lu s t r a t e d  in  F ig . A2. P lo t  the great c i r c l e  r ep resen tin g  fa c e  II  
(b o ld ) ,  th e  p o le s  tty and Jty o f  th e  tr a c e s  o f  the p lan e in  I and 3X, 
and hence th e  g rea t c i r c l e  re p re sen tin g  (b o ld ) .  The t i l t e d  su rface*  
I ’ and I I ’ a ls o  are p lo t t e d .  The p o in t o f  in te r s e c t io n  o f  I 1 and I I 1 
r ep r e se n ts  th e sheared p o s i t io n  o f  the a x is  s^ , so  th^ in tersec­
t io n  o f  th e  g rea t c i r c l e  through js and (in co m p lete ) ar.a th e great
c i r c l e  i s  Tty. Draw th e  d r c le  E (broken) o f  th e  p lane normal to  Tty. 
T his in t e r s e c t s  in  the p o le  £  and b is e c t s  th e  a n g le  between Kg and 
i t s  p o s it io n  K* a f t e r  sh e a r . P o le s  a and a 1 in  I and I ’ r e s p e c t iv o -
u  1
l y  are now chosen such th a t th ey  l i e  on one g rea t c i r c l e  through Tty
(in co m p lete) and make equal a n g le s  w ith  E. The g rea t c i r c l e  through
and £  i s  now Kg (b o ld ) and th a t through and j3 i s  K ty. These
g rea t c i r c l e s  in te r s e c t  I I  and I I ’ a t  p o le s  a0 and a ’ r e s p e c t iv e ly ,
— & "
and th e se  should a ls o  l i e  on one g rea t c i r c le  (in co m p lete) through Tty 
and be e q u id is ta n t  from E. The p o le  o f  T]0 i s  now th e  in te r s e c t io n  o fCa
K and th e  g rea t c i r c l e  P (broken) normal to  o and th e  tw inning shear
u
g i s  g iven  by g = 2 co t  2 0 ,  where k « 20 i s  th e an g le  between Tty and 
Tty. F in a l ly ,  the M ille r  in d ic e s  o f  th e  shear elem en ts Kg Tty and 
T]0 are determ ined by r o ta t in g  th e stereogram  to  th e standard o r ie n ta ­
t io n .
The f i r s t  gen era l s te r eo g r a p h ic  a n a ly s is  o f  shear was by 
Groninger and Troiano (1 9 4 9 ). T his in v o lv ed  two s te r e o g r a p h ic  p r o je c ­
t io n s  o f  fa ce  I and r e s p e c t iv e ly ,  whereas th e  p resen t method u ses  
one p r o je c t io n  o f  fa c e  I .
A f u l l  d is c u s s io n  o f  th e se  a lg e b r a ic  and ste r eo g r a p h ic  
methods o f  determ ining sh ear elem en ts w i l l  be found in  our paper 
Guyoncourt and Crocker (1 9 6 6 ).
APPENDIX I I I
Primary r e c r y s t a l l i z a t io n  occurs very r e a d ily  in  m ercury.
The e f f e c t  was f i r s t  n o t ic e d  when we attem pted to  o b ta in  X-ray r e f l e x ­
io n s  from twinned m a te r ia l .  R e fle x io n s  which could  not b< r e la te d  to  
tw in  or p aren t m a ter ia l were ob served . The p ro cess  o f  gra in  growth has 
been observed in  seven  f l a t  specim en s, deformed a t  l iq u id  a i r  tempera­
tu re  and a llow ed  to  warm s lo w ly . The i n i t i a l  gra in  growth ./as observed  
a t  tem peratures which v aried  from one specim en to  a n oth er , but were 
u su a lly  in  th e  range -130  to  - l4 6 °C . Temperatures were measured by 
means o f  a therm ocouple in  co n ta c t w ith  the specim en. In order to  
observe c o n tr a st  between g r a in s , p o la r ise d  l ig h t  was used • On one
o c ca s io n  a gra in  was observed  to  grow from th e  end o f  a tw in . As the
Vboundary moves w^y tr a c e s  are l e f t  in  the s u r fa c e . Examples o f  th e se  
wavy tr a c e s  may be seen  in  F ig . 4 .1 1 ,  and a ls o  in  most o f  the o th er  
m icrographs taken above th e  m eltin g  p o in t o f  a lc o h o l .  I t  was observed  
th a t  th e  growing gra in  boundary remained s ta t io n a r y  w h ile  each tr a c e  
was formed. The boundary a ls o  tended to  grow p r e f e r e n t ia l ly  a long  
tw in s as can be seen  in  F ig . 4 .1 1 .
R e c r y s ta l l iz a t io n  d id  not occur in  c r y s ta ls  which bent by 
s lip p in g  a t  l iq u id  a ir  tem perature. This was checked both o p t ic a l ly  
and by X -rays, C ry sta ls  which had twinned r e c r y s t a l l iz e d  w h ile  being  
warmed above th e  m eltin g  p o in t  o f  a lc o h o l .  The su r fa ce  t i l t s  remained 
however.
APPENDIX IV 
O r ie n ta tio n  from tr a c e s  on a s in g le  s u r fa c e .
A s te re o g ra p h ic  method or o r ie n t in g  f . c . c .  c r y s ta ls  from 
1 1 1  tr a c e s  on a s in g le  su r fa ce  d escr ib ed  by Reed H i l l  ( 1966) has
Re c r y s t a 1 1 i  z a t  i o n
been adapted fo r  o r ie n t in g  mercury c r y s ta ls  from the 1 1 1  s l i p  and
• [ l  5 5 ]  ' tw in  t r a c e .
In t h i s  method, th e  a n g le s  between s l i p  and tv:*..r_ tr a c e s  are  
m easured. A s l i p  tr a c e  i s  s e le c t e d  and the a n g le s  th a t t  o th er  
tr a c e s  make w ith  t h i s  are determ ined . Let th e se  be 0^, Q, — —
These tr a c e s  are now p o lo tte d  on a s tereo g ra p h ic  p r o je c t  . r. a s  f o l lo w s .  
The in d ic e s  ( 1 1  l )  are a ss ig n ed  to  th e  s e le c te d  t r a c e ,  ana t h i s  p o le  
i s  p lo t te d  a t  the cen tre  o f  th e  stereogram , F ig . PJjA i ) .  Thus th e  
tr a c e  d ir e c t io n  i s  a t  a p o in t  N on th e  p erim eter o f  the stereogram .
The tr a c e  N i s  taken as th e  north  p o le ;  then  th e o th er  tr a c e s  must l i e
a lon g  the sm all c i r c l e s  drawn a t  a n g le s  0^, 0^ --------  from N as in  th e
f ig u r e .  The tr a c e  o f  th e  c r y s ta l  su r fa ce  w i l l  be a g rea t c i r c l e  p a ss ­
ing  through N. I t  i s  now n ecessa ry  to  o b ta in  a su r fa ce  o r ie n ta t io n  
c o n s is te n t  w ith  th e  c r y s ta llo g r a p h y  o f  mercury. To do t h i s  a (1 1 l )  
mercury p r o je c t io n  as in  F ig . A ^t(ii) i s  u sed . The tr a c e s  o f  the th ree  
1 l j  s l i p  p ian os and s i x  1  ^ I 3 5J  1 p la n es  are drawn on t h i s .  
Stereogram  ( i i )  i s  r o ta te d  beneath  stereogram  ( i )  u n t i l  th e  in te r s e c ­
t io n s  (T , T ----- ) o f  a sm all c i r c l e  on ( i )  w ith  th e  tr a c e  o f  a p lan e
on ( i i )  a l l  l i e  on a g rea t c i r c l e .  T his g rea t c i r c l e  i s  then a p o s s i ­
b le  tr a c e  o f  tie c r y s ta l  s u r fa c e . Of co u rse , th e  in te r s e c t io n s  mv :; 
be between tw in  and tw in  or s l i p  and s l i p  t r a c e s .
There may be s e v e r a l o r ie n ta t io n s  c o n s is t e n t  w ith  th e t r a c e s ,  
j.s shown by B ev is  e t  a l  (1964) th ere  are four or two o r ie n ta t io n s  con­
s i s t e n t  w ith  th ree  ^1 1 I  ^ t r a c e s  in  mercury. I f  th ere  are a d d itio n -?  
tv/in  t r a c e s ,  i t  i s  g e n e r a lly  p o s s ib le  to  determ ine th e o r ie n ta t io n  
u n iq u e ly . However, s in c e  th ere  are s i x  p o s s ib le  v a r ia n ts  o f  th e  tw in  
mode, a s in g le  a d d it io n a l tw in  tr a c e  i s  o f te n  not s u f f i c i e n t  to  f i x  
th e  o r ie n ta t io n  w ith  c e r t a in ty .  However, i f  complementary tw in  in t e r ­
s e c t io n s  can be id e n t i f i e d ,  i t  i s  u su a lly  p o s s ib le  to  o r ie n t  th e  c r y s ­
t a l  w ith  j u s t  two a d d it io n a l s e t s  o f  s l i p  tr a c e s  in c lu d in g  th e  s l i p  
band which i s  gen erated  a t  th e  in te r s e c t io n .
T.r.:.,* has proved to  be an ex trem ely  rap id  method o f  
o r ie n t in g  c r y s ta ls *  The o r ie n ta t io n s  were checked from su r fa ce  shear  
and t i l t  data from tw in s .
APPENDIX V
Stepped S u rfaces
Square c r y s t a ls  52 and 57 e x h ib ite d  su r fa ce  stc^ on two 
opposing fa ces*  Both c r y s t a ls  were grown by the method d escr ib ed  in  
S ec tio n  3 -2 . In a d d it io n  to  the s tep p in g  o f  he s u r fa c e s ,  both c r y s ­
t a l s  a ls o  showed a gra in  boundary l ik e  fe a tu r e  which cou ld  be fo llo w ed  
from th e step p ed  fa c e  on to  th e  ad ja cen t smooth face*  Fig* A 5 (i)  and
( i i )  show m icrographs o f  th e  step p ed  su r fa ce  o f  c r y s ta l  52 , i l l u s t r a ­
t in g  t h is  boundary fe a tu r e .  Each c r y s ta l  was X-rayed on both s id e s  o f  
th e  boundary. T his showed th a t  the o r ie n ta t io n s  on e i t h e r  s id e  o f  th e  
boundary are id e n t ic a l  w ith in  th e  l im it s  o f  accu ra cy . This was sub­
seq u e n tly  confirm ed by deform ing th e c r y s ta l  so  th a t  s l i p  tr a c e s  p assed  
through th e  boundary* The o r ie n ta t io n  o f  th e  stepped  su r fa ce  o f  cr: 
t a l  52 i s  shown in  F ig . A 5 ( i i i ) #  T his shows th a t  th e  ( I  1 1) p lan e  
l i e s  w ith in  5° o f  th e  su r fa c e  and th a t the D  1  2 3  d ir e c t io n  l i e s  in  
th e  su r fa ce  and w ith in  5 °  o f  th e  predominant d ir e c t io n  o f  th e s te p s  
a s  shown in  F ig . 5 A ( i ) .  The d ir e c t io n s  o f  s te p s  in  th e sm a ller  gra in  
cannot be c o r r e la te d  w ith  d ir e c t io n s  in  the ( 1 1 1 )  p la n e .
A two su r fa c e  a n a ly s is  o f  th e s tr a ig h t  s e c t io n s  o f  the  
boundary in  c r y s ta l  52 showed th a t  i t  la y  w ith in  3° o f  th e  ( 1 1 1 )  
plane* T his i s  i l lu s t r a t e d  in  F ig . A 5 ( i i i ) .  The boundary in  c r y s ta l  
57 does not however l i e  near a c lo s e  packed p la n e .
T h e  e x p l a n a t i o n  o f  t h e  s u r f a c e  s t e p s  i s  t h a t  t h e y  a r e  f o r m e d
b e c a u s e  c l o s e  p a c k e d  d i r e c t i o n s  l i d  v e r y  n e a r  t h e  s u r f a c e
The boundary cou ld  have been a low energy b o u r .d b e t w e e n  
two d i f f e r e n t ly  o r ie n te d  c r y s t a l s ,  one o f  which subsequent .y grew a t  
th e  expense o f  th e  o th e r . The 1 1 j- tw in boundary cc Ld move by a 
very  sim ple d if fu s io n  p ro cess  s in c e  h a lf  o f  th e  l a t t i c e  p in t s  in  the  
tw in  are a ls o  l a t t i c e  p o in ts  in  the parent m a ter ia l in  t  approxima­
t io n  c = ~ l /y  • I t  seems u n lik e ly  however th a t  th e  two c r y s ta ls  were 
tw in  r e la t e d ,  s in c e  in  th a t  c a s e , th e  second gra in  would not have had 
c lo s e  packed d ir e c t io n s  ly in g  in  i t s  s u r fa c e .
i  9  3 ,
F i g „  A l .  S c h e m a t i c  r e p r e s e n t a t i o n ) o f  a  t w i n n e d  c r y s t a l
F i g . A2
T h e  s t e r e o g r a p h i c  p r o c e d u r e  d e s c r i b e d  i r t  A p p e n d i x  I I «
( n o t  S/fOW /A/Gr TWJ/V T
F i g .  A 4 . The s ter eo g r a p h ic  method o f o r ie n t in g  from tr a c e s  on a s in g le  
su r fa c e .
( i ) ,  ( i i )  S t e p p e d  s u r f a c e  o f  c r y s t a l  5 2 .  X  3 0
X  6 0
F ig . A5. ( i i i )  The o r ie n ta t io n  o f  the stepped s u r fa c e .
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